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Abstract 
Wolbachia are widespread obligate intracellular bacteria that are maternally transmitted 
and modulate reproduction of their invertebrate host. Mosquitoes transinfected with 
Wolbachia have reduced capacity for transmitting vector borne diseases and can replace 
native populations in the field because of a reproductive advantage. The cellular 
mechanisms of how reproduction is altered by Wolbachia are poorly understood. In this 
work Wolbachia-induced reproductive changes in the model organism Drosophila were 
used to pinpoint underlying cellular processes affected by the bacteria. Specifically, egg 
production (or fecundity) of Wolbachia-infected Drosophila mauritiana was compared to 
non-infected flies that had been generated by antibiotic treatment of infected flies. 
Immediately before the fecundity experiment backcrossing of both fly lines ensured an 
equivalent nuclear genetic background. Initially egg production in Wolbachia-infected flies 
was increased by 4-fold but in less than 30 generations this changed to a 0.84 fold 
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decrease with a slight advantage for the non-infected line. Additional backcrossing 
experiments determined that selection on the host nuclear genome is one of the factors 
underlying this reversion of fecundity gains. Other non-Mendelian factors, such as the 
microbiota, may also play a role in this rapid change. Wolbachia alterations in egg 
production were always linked to Wolbachia induced changes in programmed cell death 
(PCD) in the germarium during oogenesis and germline stem cell (GSC) division. 
Germline stem cells are maintained and regulated through their interaction with the 
germline stem cell niche (GSCN). Interestingly, these cells are both frequently infected 
with Wolbachia and possess a high bacterial titer. A developmental time course revealed 
the mechanism of how Wolbachia accumulate in the niche cells. The data suggest that 
the bacteria actually coordinate their replication with the differentiation of the niche 
cells. Future work on understanding the cellular and molecular basis of Wolbachia – host 
interaction will not only give insight into novel mechanisms of host manipulation by a 
pathogen, but will also expand our current understanding of stem cell niche 
morphogenesis and modulation of stem cell proliferation.  
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Chapter 1  
Introduction 
 
All theory, dear friend, is gray, but the golden tree of life springs ever green. 
Johann Wolfgang von Goethe, Faust 1 (1808) 
 
1.1 The Drosophila ovary 
Research utilizing the species Drosophila melanogaster started over 100 years ago 
(Morgan 1910). At present it is one of the most widely used model organisms for 
diverse areas of Biology spanning from neuroscience to evolution (Clark et al. 2007; 
Bellen et al. 2010). One reason why Drosophila research continues to be so successful is 
the ease of culture in the lab. With only minimal maintenance, Drosophila melanogaster 
exhibits a large reproductive activity which is largely based on their survival strategy in 
nature. Each female Drosophila contains a pair of ovaries which, when well fed, occupy 
most of the space in the abdomen. In the lab it has been reported that under optimal 
conditions a Drosophila melanogaster female can lay up to 3000 eggs over its life time 
(Ashburner et al. 2005). Figure 1.1 provides a schematic of the ovary and its 
components. The ovary consists of beadlike structures called ovarioles which are 
assembly line like structures that ultimately give rise to mature eggs (Figure 1.1B). 
Development starts in the germarium at the anterior tip with the division of a germline 
stem cell, generating a cystoblast. After four rounds of division, one cell of the 
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cystoblast will form the oocyte. The remaining 15 germline cells will form the so-called 
nurse cells because they provide the oocyte with proteins and mRNA important for 
early development of the future embryo. The germline is enveloped by an epithelial 
layer of somatic follicle cells which provide signals and shield the enclosed germline 
during development. At each point in time, an ovariole contains several egg chambers at 
different stages of development, which are each composed of one oocyte and 15 nurse 
cells enveloped by follicle cells (Figure 1.1C). Once development has been completed, 
the mature egg passes through the oviduct, is fertilized and laid (King 1970; Spradling 
1993; Ashburner et al. 2005). 
1.1.1 Regulation of egg laying 
Since all of embryonic development takes place outside the female, she has sensory 
systems that detect if environmental conditions are optimal for the development of the 
offspring. Properties assessed range from basic factors like temperature or humidity to 
more complex ones such as condition of the egg laying substrate. Oogenesis being an 
extremely energetically intensive process, access to protein in the form of yeast is a 
major regulatory factor for female flies (Spradling 1993; Ashburner et al. 2005).  
These environmental inputs are relayed to the ovary in the form of systemic hormones. 
Specifically insulin like peptides, ecdysone, and juvenile hormone have been described as 
regulators of oogenesis (Drummond-Barbosa and Spradling 2001; Gruntenko and 
Rauschenbach 2008). In addition to external inputs, there are a variety of feedback 
mechanisms within the ovary (Ables and Drummond-Barbosa 2010) and also cell-
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intrinsic signals [e.g. aging (Pan et al. 2007; Drummond-Barbosa 2008)] that affect the 
rate of oogenesis (more detailed discussion about the molecular players can be found in 
section 1.1.4). 
External and internal inputs can control oogenesis at various stages. There are two main 
developmental processes that control the production of egg chambers and resulting eggs 
(see also Figures 3.1 and 4.2). Programmed cell death (PCD) is a negative regulator 
because death of egg chambers at different developmental stages decreases the number 
of eggs produced. Division of germline stem cells (GSCs) is a positive regulator because 
their division rate directly correlates with the number of egg chambers that will form. 
An additional factor that influences the number of eggs that are being laid (but not 
produced) by a fly is egg holding. A female can hold mature eggs for a prolonged period 
of time if the nutritional conditions are unfavorable. The health of these eggs does not 
decline even when held for up to 15 days (Wyman 1979).  
1.1.2 Programmed cell death (PCD) in the ovary 
PCD refers to a process in which a cell will undergo a series of steps that will eventually 
lead to its elimination. Importantly, PCD results from a defined set of internal and/or 
external biological stimuli in contrast to a simple physical disruption of cell integrity 
(“accidental cell death”). Typically different categories of PCD are distinguished by the 
presence of specific markers as well as via morphological criteria. Although overlaps and 
exceptions do occur, for the purpose of this thesis the following classification will be 
used. First, apoptosis is a form of PCD that is mediated by a degradation of cellular 
4 
 
 
components frequently mediated by a set of proteases called caspases. The second form 
of PCD refers to autophagic PCD. Autophagy signifies a process in which cellular 
components are degraded and recycled through lysosomes and autophagosomes. It is 
important to note that autophagy can, but does not necessarily need to, result in PCD 
and can sometimes even promote the survival through compiling cellular resources. The 
third major form of PCD is necrosis. Although previously necrosis has been suspected 
to be an accidental form of cell death, evidence for its involvement in development are 
increasing (Kroemer et al. 2009; McCall 2010).  
The Drosophila ovary represents an ideal system for the study of PCD because all of the 
above described forms of PCD can be observed. Broadly there exist two causes for 
PCD in the Drosophila ovary. First, developmental cell death right before completion of 
oogenesis entails the death of the 15 nurse cells that have supported the oocyte 
throughout its growth. This cell death occurs during the production of every functional 
egg and is potentially a form of programmed necrosis (McCall 2010). The second 
category of PCD is to regulate oogenesis during unfavorable conditions (see section 
1.1.1), such as starvation. Removal of the protein source is an easy and controllable way 
to induce starvation dependent PCD in the ovary. Two main developmental checkpoints 
have been described at which starvation induced PCD takes place. The first one happens 
early in the border region of the germarium (Figure 1.2, 3.1 and 4.2). Both autophagy as 
well as the effector death caspase-1 (Dcp-1) have been shown to be involved to some 
degree in this PCD checkpoint (Hou et al. 2008; Nezis et al. 2009). However the fact 
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that dcp-1 mutants only display a partial inhibition of PCD in the germarium implies that 
PCD in the germarium is not completely dependent on caspases (Baum 2007). In mid 
oogenesis PCD is largely caspases dependent (McCall and Steller 1998; Baum et al. 
2007). Furthermore, caspases potentially regulate nutrient dependent autophagic cell 
death in these egg chambers (Pritchett et al. 2009). Following the death of the nurse 
cells in response to starvation during mid-oogenesis, the surrounding follicle cells engulf 
the nurse cell corpses (Giorgi and Deri 1976; Etchegaray et al. 2012). 
1.1.3 Stem cell niches and stem cells in the ovary 
In Drosophila, all eggs originate from a region in the ovary called the germarium which is 
schematically depicted in Figure 1.2. The germarium houses two main types of stem cells 
both of which are necessary to form a functional egg chamber. The germline stem cell 
(GSC, left red arrowhead) is the progenitor of what eventually will become the oocyte 
of the fly. In contrast, the somatic stem cell (SSC, right red arrowhead) divides and its 
daughter cells will differentiate into follicle cells which form the outer layer of an egg 
chamber (green arrowhead). Upon division of the germline stem cell, one daughter 
cell—also called cyst—will undergo four successive divisions, leaving each of the cells 
connected via ring canals. As the cyst matures and moves towards the posterior (to the 
right in Figure 1.2) it becomes enveloped by the follicle cells (green), exits the 
germarium and develops into an egg (Kirilly and Xie 2007). The two stem cells (GSC 
and SSC) in the germarium are maintained in a microenvironment, the stem cell niche, 
which provides factors that maintain the stem cells in their stem cell like state (Figure 
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1.2, in yellow). These two niches, which are very different in their makeup, are called 
the germline stem cell niche (GSCN) and the somatic stem cell niche (SSCN). The 
GSCN is a stromal niche which is constituted by several cell types; the terminal filament, 
8-10 disc-like cells that are not in direct contact with the germline stem cells, and 
approximately 5 cap cells which anchor the germline stem cell via adherens junctions 
(yellow bracket, Figure 1.2). The escort cells (gray arrow) have also been described to 
play a role in GSCN function (Decotto and Spradling 2005). The nature of the SSCN is 
more elusive with some reports indicating that it is an epithelial niche not associated 
with a specific cell type (Nystul and Spradling 2006; Morrison and Spradling 2008) 
whereas others suggest that escort cells play a role in forming the SSCN (Song and Xie 
2002; Morris and Spradling 2011).  
1.1.4 Molecular players regulating germline stem cell (GSC) division 
Several advances have been made towards elucidating the molecular mechanisms of the 
intrinsic (direct) and extrinsic (indirect) control of germline stem cell division. Major 
players in the extrinsic regulation of germline stem cell mitosis from the stem cell niche 
are dpp (decapentaplegic) and gbb (glass bottom boat), Drosophila homologues of 
vertebrate BMPs (Xie and Spradling 1998; Song et al. 2004). A number of components 
(pelota, jak-stat) have been linked to this pathway (Xi et al. 2005; López-Onieva et al. 
2008). Independently the Yb protein regulates extrinsic signalling from the niche by 
controlling hedgehog and piwi expression (King et al. 2001). While hedgehog only plays a 
minor role in germline stem cell division, the microRNA binding protein Piwi regulates 
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stem cell division from the niche as well as from within the stem cells (Cox et al. 2000). 
Extrinsic signals from the stem cell niche are received by the stem cells to influence 
their behavior (Forbes and Lehmann 1998; Wang and Lin 2004; Wang and Lin 2005; Xi 
and Xie 2005). BMP signaling not only affects stem cell division but also differentiation. 
When still present in the niche, the germline stem cell receives Dpp signalling which 
activates SMADs (Mad and Medea) and thus suppresses differentiation (Kai and Spradling 
2003). During asymmetric division one of the daughter stem cells exits the niche, does 
not receive Dpp anymore, and initiates differentiation through bag of marbles (bam) 
(Chen and McKearin 2003; Song et al. 2004). There exist also other regulatory 
mechanisms of GSC activity besides via the niche. Important intrinsic regulators of 
germline stem cell activity are miRNAs (Hatfield et al. 2005; Jin and Xie 2007; Yang et al. 
2007). Insulin signalling has been implicated in both the intrinsic and extrinsic regulation 
of GSC division through the niche (LaFever and Drummond-Barbosa 2005; Hsu et al. 
2008; Hsu and Drummond-Barbosa 2009; Yu et al. 2009).  
1.1.5 Development of female germline stem cell niche (GSCN) 
Most Diptera, including Drosophila, specify the germline by preformation (Extavour and 
Akam 2003). This means that specific cellular components localize to the posterior pole 
of the embryo where pole plasm instructs the formation and cellularization of the germ 
cells (also called pole cells). During embryogenesis, the primordial germ cells (PGCs) 
complete a series of migration steps towards the anterior, first associating with the 
midgut epithelium, later transversing it, and finally settling in the mesoderm in 
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parasegments 10–12. In this location, PGCs also associate with the somatic gonadal 
precursors, cells of mesodermal origin some of which will form the niche cells (Kunwar 
et al. 2006). The timing of when the stem cell niche forms is different for males and 
females. In the male, the hub, which constitutes the somatic and germline stem cell 
niche, is already specified and formed in late embryogenesis (Le Bras and Van Doren 
2006). In the female, differentiation of the germline stem cell niche is reported to 
happen during the final stages of larval development, potentially induced by ecdysone 
(Hodin and Riddiford 1998). At approximately 72 hours post egg laying, these 
progenitors will express the lineage specific transcription factor bric-a-brac, start to 
divide and sort into stacks of eight to ten cells (King et al. 1968; Godt and Laski 1995; 
Sahut-Barnola et al. 1995; Sahut-Barnola et al. 1996). These stacks are referred to as the 
terminal filaments which are the first cells in the ovary to terminally differentiate. The 
other part of the germline stem cell niche, the cap cells, are also derived from the 
terminal filament progenitor pool and will differentiate at the onset of pupation (Godt 
and Laski 1995; Zhu and Xie 2003; Song et al. 2007). Not much is known about the 
formation of the somatic stem cell niche in the female.  
1.2 Wolbachia, a maternally inherited, widespread endosymbiont  
Endosymbiosis refers to the association of one organism, usually a microorganism, living 
within another one. These microorganisms usually cannot survive outside the host. For 
the host there are two types of endosymbiotic associations, obligate and facultative. 
Obligate means that also the host is dependent on the endosymbiotic association for 
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survival, whereas in facultative endosymbiosis the host does not exclusively depend on 
the microorganism. Many facultative symbionts have been described to manipulate host 
reproduction to ensure their own spread in nature (Moran et al. 2008). 
Wolbachia pipientis were originally discovered as Rickettisae-like bacteria infecting the 
mosquito Culex pipiens (Hertig and Wolbach 1924). Through the advent of culture 
independent, PCR-based, bacterial identification it has become clear that Wolbachia 
represents one of the most widespread endosymbiotic bacteria known to date. The 
fraction of how many insect species are infected is estimated to lie between 20-75% 
(Werren 1997; Jeyaprakash and Hoy 2000; Werren et al. 2008). Wolbachia also infects 
other invertebrates such as mites, spiders and filarial nematodes (Bandi et al. 1998; 
Werren et al. 2008; Zug and Hammerstein 2012). In most of the cases Wolbachia forms 
a facultative association with the host except for filarial nematodes and one wasp 
species where Wolbachia endosymbiosis has become obligate.  
As for other endosymbionts, there are two modes of transmission for Wolbachia: 
vertical and horizontal transmission. Vertical transmission is the major mode of 
Wolbachia spread, which occurs through maternal transfer similar to mitochondrial 
inheritance. Wolbachia have to reach the germline of the female in order to be passed 
on into the next generation. Horizontal transfer is rare in nature but can be artificially 
recreated in a laboratory setting. Horizontal transmission refers to Wolbachia 
transmission between insect species [reviewed by Werren et al. (2008)]. In the 
laboratory, Wolbachia can be purified from one insect species and introduced into 
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another insect species by microinjection. Previous studies established that it is the 
Wolbachia strain and not the insect host species which mainly determines localization in 
the host or a modification of the reproductive system (Giordano et al. 1995; Poinsot et 
al. 1998; Veneti et al. 2004; Serbus and Sullivan 2007; Zabalou et al. 2008; Toomey et al. 
2013). 
1.2.1 Wolbachia as a novel tool to control infectious diseases 
Introduction or removal of Wolbachia infection can be used as a means to control the 
population of Wolbachia host species, some of which are involved in infectious diseases. 
For example, a novel treatment strategy for filarial diseases such as river blindness is to 
eliminate the obligatory Wolbachia endosymbionts from the disease-causing nematodes 
with a simple antibiotic treatment rather than a year-long anti-worm medication 
(Hoerauf 2000; Taylor et al. 2005; Slatko et al. 2010).  
Wolbachia can also be used for the control of vector capacity in mosquito populations 
that transmit diverse diseases (McMeniman et al. 2009). Infection with Wolbachia in these 
mosquitoes elevates the expression of immunity genes, decreasing the titer of various 
human pathogens (Kambris et al. 2009; Moreira et al. 2009; Bian et al. 2010; Glaser and 
Meola 2010; Kambris et al. 2010; Hughes et al. 2011). Together with the fact that 
Wolbachia confers a reproductive advantage to their host, these artificially Wolbachia 
transinfected disease vectors are able to spread efficiently in nature (Hoffmann et al. 
2011; Walker et al. 2011).  
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1.2.2 Common reproductive phenotypes driven by Wolbachia 
Wolbachia manipulate the host reproductive system in order to favour their 
transmission and spread. Well-described effects of Wolbachia on host reproduction are 
male killing, feminization, changes in fecundity, parthenogenesis, and cytoplasmic 
incompatibility (CI) which results in a decreased egg hatching rate of crosses between 
non-infected females and infected males [reviewed by Werren et al. (2008)]. CI is the 
most common and widespread reproductive alteration by Wolbachia. The first 
indications that the reproduction of mosquitoes could be altered by a maternally 
inherited factor were observed in the 1970s and electron microscopy hinted at the 
presence of a maternally transmitted bacteria (Yen and Barr 1971). Later, in the 
mid-1980s the same findings that had been observed in mosquitoes previously, were 
reproduced in Drosophila simulans. Specifically, a cross between two distinct populations 
from nature produced inviable offspring, the reciprocal (switching males and females) 
was viable, however. The fact that this phenomenon could be rescued by antibiotic 
treatment implied the involvement of a microbial manipulator (Hoffmann et al. 1986). 
Shortly thereafter it was first confirmed that the bacteria that gave rise to this 
phenotype was Wolbachia (Binnington and Hoffmann 1989; Louis and Nigro 1989). In 
subsequent studies other types of reproductive manipulations by Wolbachia were 
discovered such as male killing, feminization, parthenogenesis and alterations in 
fecundity. Fecundity has been part of several studies investigating Wolbachia’s effect on 
host fitness. Table 1.1 summarizes these previous works and it also illustrates that there 
exists a certain degree of variability with regards to Wolbachia’s effect on egg laying. 
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Comparison across studies is partially hindered by the multitude of variables that go into 
designing experiments of Drosophila egg production that are difficult to recreate 
between laboratories (see Table 1.1).   
1.2.3 Dynamics and evolution of Wolbachia-host interaction 
Sequence analysis of several Wolbachia strains showed that its genome is rather atypical 
for obligate intracellular bacteria. The Wolbachia genome contains many repetitive 
sequences with evidence for high sequence polymorphism and frequent recombination 
events (Wu et al. 2004; Klasson et al. 2008; Klasson et al. 2009). Wolbachia also possess 
one or multiple phages (Bordenstein and Wernegreen 2004) that can mobilize and 
potentially insert in different regions in the genome. These two findings imply that the 
Wolbachia genome is not stable and can potentially adapt rapidly to selective pressures 
(Bordenstein and Reznikoff 2005; Baldo et al. 2006). Although direct evidence of 
evolution on a genetic level is missing, there are several reports of how Wolbachia 
elicited phenotypes can change over time. For example, in a Drosophila simulans 
population in nature, Wolbachia infection initially caused a fecundity deficit. This however 
changed to an advantage in less than 20 years (Hoffmann et al. 1990; Weeks et al. 2007). 
In laboratory studies it was confirmed that Wolbachia effects on fecundity can change 
over time (Poinsot and Merçot 1997; McGraw et al. 2002). Other reproductive 
phenotypes induced by Wolbachia such as CI and male killing have also been reported to 
be able to change (Hornett et al. 2006; Duron et al. 2012).   
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Reproductive alterations can not only act as selective pressure upon the Wolbachia but 
potentially also the host genome. In fact, there is a large body of evidence of how 
endosymbiotic bacteria can shape the evolution of their host (Moran et al. 2008; 
Engelstädter and Hurst 2009). Some reports even speculate that Wolbachia can act as a 
reproductive isolator thus driving speciation (Jaenike et al. 2006; Bordenstein and 
Werren 2007). 
1.3 Wolbachia tropism 
1.3.1 Definition of microbial tissue tropism 
In microbiology, a tropism signifies a tendency of a microorganism to accumulate in 
specific host cells. Traditionally, much is known about pathogenic bacteria and viruses 
since their ability to target specific host cells and tissues forms an important part of 
transmission and pathology. In general, the term tropism encompasses both a tendency 
of the microorganism to be transmitted into the target tissue as well as the capability to 
replicate there. Frequently it is difficult to actually distinguish between these two 
possibilities (McFadden et al. 2009). 
1.3.2 Wolbachia exhibits tropism for stem cell niches 
Since Wolbachia are maternally transmitted obligate intracellular bacteria, by definition 
they must have a tropism for the female germline. In addition it has been shown that 
Wolbachia can target several somatic tissues (Dobson et al. 1999; Cheng et al. 2000; 
Frydman et al. in preparation). 
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For several Wolbachia species, we have found that they target the stem cell niches of the 
Drosophila ovary (Frydman et al. 2006; Toomey et al. 2013). It was previously shown that 
the Wolbachia strain (abbreviated wMel) which infects Drosophila melanogaster targets the 
somatic stem cell niche [SSCN, (Frydman et al. 2006)]. From the SSCN, wMel can infect 
the germline and therefore be successfully transmitted to the offspring of this fly 
(Frydman et al. 2006). We have recently found that niche tropism is a conserved 
phenomenon among the Drosophila genus and both the GSCN and SSCN can be 
targeted at high levels and frequencies (Toomey et al. 2013). 
1.4 Dissertation rationale 
Wolbachia are widespread intracellular bacteria with an emerging relevance for public 
health. Currently, very little is known about the cellular and molecular mechanisms of 
how Wolbachia alter host reproduction. In addition little is known about how 
endosymbionts including Wolbachia coordinate their behavior with host development. 
This may be caused by a lack of molecular tools in the non-model insect species 
previously under investigation, as well as the absence of genetic transformation 
techniques for Wolbachia and most other endosymbionts. Interestingly, the model 
organism Drosophila melanogaster and related Drosophila species are infected with 
Wolbachia, providing an excellent system for investigating cellular and molecular 
mechanisms of Wolbachia-host interactions. Previous work in our lab has shown that 
Wolbachia can target a specific set of somatic cells called stem cell niches in the 
Drosophila ovary (Frydman et al. 2006; Toomey et al. 2013). 
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This thesis aims at using Drosophila to uncover cellular mechanisms of Wolbachia-host 
interactions which could lay the foundation for further molecular studies. Specifically, in 
Drosophila mauritiana I identified two developmental processes, GSC division and PCD, 
that can be altered by Wolbachia and thus lead to a change in egg production in infected 
flies. In addition I found that Wolbachia accumulates at high frequency and density in the 
germline stem cell niche of Drosophila mauritiana and in some cases this seems to 
influence the stem cell division of adjacent stem cells. In subsequent studies I determined 
that there exists a great degree of temporal and strain dependent dynamics of Wolbachia 
induced changes in fecundity in Drosophila mauritiana. Some of these variabilities are 
mediated by changes in the host genome but also non-genetic factors like the 
microbiota influence Wolbachia mediated changes in fecundity.  
In the second part of my thesis I investigated the developmental mechanism that leads to 
Wolbachia accumulation in the germline stem cell niche. Specifically, I found that 
Wolbachia coordinates accumulation in the niche cells as these cells are differentiating, 
most likely by preferential replication. This the first report of bacteria coordinating their 
replication with the differentiation of a host cell.  
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Figure 1.1: Anatomy of the Drosophila ovary 
A: Approximate location and size of the ovary in an adult female fly. B: Main 
components of an ovary. Depending on the Drosophila species, each ovary contains 9-20 
ovarioles. Sperm are stored in the the spermatheca and the oocyte is fertilized as it 
passes through the oviduct. C: Higher magnification of an ovariole consisting of a 
germarium at the anterior tip (left) and several egg chambers at successive 
developmental stages from anterior (left) to posterior (right). Each egg chamber consists 
of 15 germline derived nurse cells and one oocyte (light blue) and are enveloped by 
somatic follicle cells (green). Adapted from Hartenstein (1993), Mahowald and 
Kambysellis (1980) and Frydman and Spradling (2001). 
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Figure 1.2: Stem cells and stem cell niches in the Drosophila germarium 
Schematic illustration of the germarium. Development proceeds from the anterior (left) 
to the posterior (right). Stem cells are colored in red (red arrowhead) and stem cell 
niches in yellow (yellow arrowhead/bracket). The germ line stem cell (GSC) and 
corresponding niche (GSCN) is at the very anterior tip whereas the somatic stem cell 
with its niche (SSCN) is situated in the middle of the germarium. The somatic stem cell 
gives rise to follicle cells (green arrowhead) which will envelope egg chambers. The 
region where the SSCN is located is also called the border region (orange dashed box). 
Anterior to the border region, the germline is enveloped by somatic cells called escort 
or inner sheath cells (gray arrowhead).  
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Table 1.1: Overview of previous studies assessing Wolbachia effect on 
Drosophila fecundity 
Summary of previous studies including Wolbachia and host strain, backcrossing of 
infected and uninfected stock as well as fold change of egg production between infected 
(W+) and uninfected (W-) lines. The Table is sub grouped by species. F1 refers to a 
fecundity experiment comparing progeny from a cross between either infected female 
to uninfected male or vice-versa. Since Wolbachia is maternally transmitted progeny 
from one of these crosses will be W+ and the other W-. The nuclear genome of both 
F1 lines are equivalent since each parent contributes 50% of the DNA. 
Drosophila melanogaster 
Reference Drosophila strain Wolbachia strain 
Backcrossed 
(y/n/F1) 
Fold 
change 
W+/W- 
(Hoffmann 
et al. 1994) 
Field collected (warm 
climate) 
wMel n 0.98 
(Olsen et 
al. 2001)  
Field collected (warm 
climate) 
wMel Q autologous 
location 
F1 0.6* 
(Olsen et 
al. 2001)*  
Field collected (warm 
climate) 
wMel Q 
heterologous 
location 
F1 0.71* 
(Olsen et 
al. 2001) 
Field collected 
(temperate climate) 
wMel V autologous 
location 
F1 1.7* 
(Olsen et 
al. 2001) 
Field collected 
(temperate climate) 
wMel V heterologous 
location 
F1 0.83* 
(Reynolds 
et al. 2003) 
Oregon-R (lab stock) 
2 field collected 
(warm climate) stocks 
wMelpop  y 1 – n/s 
(McGraw 
et al. 2002) 
W1118 (lab stock) 
inferred – not clearly 
stated in paper 
wMelPop n 1 
(Reynolds 
et al. 2003) 
W1118 (lab stock) 
wMelpop in native 
background 
F1 
Early 0.82, 
later 1.3 
(Fry et al. 
2004) 
2 laboratory strains, 
life time fecundity 
wMel (different 
strains) 
n 1.1 and 1.4 
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Drosophila melanogaster cont’ 
Reference Drosophila strain Wolbachia strain 
Backcrossed 
(y/n/F1) 
Fold 
change 
W+/W- 
(Brownlie 
et al. 2009) 
Field collected (warm 
climate) 
wMel n 1 
* field study 
Drosophila simulans 
Reference Drosophila strain Wolbachia strain 
Backcrossed 
(y/n/F1) 
Fold 
change 
W+/W- 
(Hoffmann 
et al. 1990) 
D sim (Piru 1988) wRi (collection Piru) F1 0.92 
(Hoffmann 
et al. 1990) 
D sim (Melbourne) wRi (collection 1988) y  0.8 
(McGraw 
et al. 2002) 
D sim (origin not 
listed) 
Wolbachia strain not 
listed 
n 0.87 
(Weeks et 
al. 2007) 
D sim (newly 
collected 
2002 Riverside) 
wRi (newly collected) y 1.1 
(Weeks et 
al. 2007) 
D sim (collection 1988 
Probably Piru) 
wRi (collection 1988) y 0.8 
(Poinsot 
and Merçot 
1997) 
D sim NoumCa-Ha 
(Merçot et al. 1995) 
wHa n 0.98 
(Poinsot 
and Merçot 
1997) 
D sim (Ndsr’allah 
(Merçot et al. 1995) 
wNo n 1.1 
(Poinsot 
and Merçot 
1997) 
D sim [Noumea 89 
Strain, Seychelles 
(Rousset et al. 1992; 
Rousset et al. 1993; 
Merçot et al. 1995)] 
wHa + wNo n 0.94 
(McGraw 
et al. 2002) 
D sim I-102 
wMelPop (I-102,(Min 
and Benzer 1997)) 
n 0.42 
(Carringto
n et al. 
2010) 
D sim I-102 
wMelPop (I-102, (Min 
and Benzer 1997)) 
F1 
Not 
assessed, 
very low 
fecundity est 
<0.2 
(Carringto
n et al. 
2010) 
D sim (3 different 
massbred backgrounds 
Sydney, Sorrell and 
Irvine ) 
wMelPop (I-102, 
Benzer) 
F1 
0.72 
(combination 
of three) 
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Other Drosophila species 
Reference Drosophila strain Wolbachia strain 
Backcrossed 
(y/n/F1) 
Fold 
change 
W+/W- 
(Bourtzis et al. 
1996) 
D. sech (S-9 A, M. 
Ashburner stock 
collection, 
Cambridge 
wSech n 0.84 
(Bourtzis et al. 
1996) 
D. ana (origin not 
listed) 
wAna n 1.2 
(Giordano et al. 
1995) 
D.mau (origin not 
listed) 
wMau n 0.93 
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Chapter 2 
Material and Methods 
 
In Coinendation of ye Microscope 
Of all th' Inuentions none there is Surpasses  
the Noble Florentine's Dioptrick=glasses. 
For what a better, fitter, guift Could bee 
in this world's Aged Luciosity.  
To Helpe our Blindnesse so as to deuize 
a paire of new & Artificiall eyes.  
By whose augmenting power wee now see more 
then all the world Has euer donn Before. 
Dr. Henry Power, Microscopicall obseruations (1661) 
 
2.1 Fly stocks and experimental husbandry conditions 
All Drosophila species were maintained on standard fly food consisting of agar, cornmeal 
and molasses. Drosophila mauritiana is generally less fecund than Drosophila melanogaster 
and for routine stock maintenance they appeared to be healthier at room temperature. 
For most experiments flies were raised and kept in a 25°C incubator (60% humidity). 
Specific stocks and Wolbachia strains used are listed in Table 2.1. 
2.2 Antibiotic treatment and introgression crosses 
Wolbachia non-infected (W-) stocks were generated by treatment of the Wolbachia-
infected (W+) stock for two or three generations with tetracycline (0.025% w/v). The 
absence of Wolbachia infection was confirmed via polymerase chain reaction (PCR, Table 
2.2). Since Wolbachia is maternally transmitted, introgression crosses for at least 3 
22 
 
 
generations can be used to homogenize the nuclear genetic background of W+ and W- 
stocks right before fecundity experiments. In Drosophila mauritiana these introgression 
crosses to infected males can easily be performed since CI levels are very low 
(Giordano et al. 1995). In addition, by this method, Wolbachia strains can be introduced 
into different host nuclear genetic backgrounds of the same species (Figure 2.1).  
2.3 Fecundity assay 
2.3.1 Standard fecundity assay 
Fecundity tests were done similarly to Drummond-Barbosa and Spradling 2001 
(Drummond-Barbosa and Spradling 2001). Fifteen newly eclosed W+ and W- flies were 
collected and kept in three bottles containing yeasted apple juice or grape juice agar 
plates (5 females and 5 males per bottle). Plates were changed every 24 hours and the 
number of eggs laid was counted. In the first Drosophila mauritiana (Dmau07init, stock 
#1) fecundity experiment 1 (RT), flies were raised at room temperature (RT, fluctuating 
around 22°C, and humidity varying from 20-40%) and the experiment was performed in 
a 25°C incubator (60% humidity). In all subsequent experiments flies were raised and 
kept for the fecundity experiment in the incubator. The first two fecundity assays were 
performed by Danielle Desjardins (Figure 3.1D). 
2.3.2 Microbiota fecundity assay 
For the microbiota experiment, food that had been exposed to either W+ (stock #191)  
or W- (stock #250) flies for about four weeks was filtered using a 20 ml syringe with an 
attached plastic mesh. A weighed, equal amount of this filtrate was then added to fresh 
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food. For seeding with Acetobacter aceti a single colony was subplated to a new nutrient 
agar plate and the identity of this clonal culture was confirmed via colony PCR and 
sequencing (section 2.4.3). A colony of that plate was resuspended in 100 µl of sterile, 
deionized H2O  (sdH2O) and 50 µl of that solution was added to bottles that were going 
to be seeded with W- flies and 50 µl of that solution was added to a bottle that was 
going to be seeded with W+ flies. Also, control bottles were seeded with 50 µl of 
sdH2O water only.  
For donor fly seeding, donor embryos were dechorionated using 50% bleach and 
collected in a steel mesh. All hatched larvae were manually picked from the collected 
embryos. Embryos were washed several times with sdH2O and once with 70% ethanol 
(EtOH) followed by the final wash of sterile sdH2O. With a sterilized brush, embryos 
were picked from the steel mesh and transferred to the non-seeded part of the food.  
2.4 Culturing and identifying bacteria associated with W+ and W- flies 
All experiments described here with respect to the microbiota have been conducted in 
Drosophila mauritiana stock #191 (W+) and stock #250 (W-). 
2.4.1 Bacterial plates 
Bacterial cultures from flies were grown aerobically on either mannitol (25 g/l D-
mannitol, 5 g/l yeast extract, 3 g/l peptone, 15 g/l agar) or nutrient (0.5% Peptone, 0.3% 
yeast extract, 1.5% agar and 0.5% NaCl, all w/v) agar plates (Shin et al. 2011; Ren et al. 
2007). Mannitol plates have previously been implicated in being beneficial for Acetobacter 
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aceti growth (Shin et al. 2011). However I did not observe preferential growth of 
Acetobacter aceti on mannitol plates.  
2.4.2 Isolation of fly associated microbiota 
Equal amounts of standard (molasses based) fly food were exposed to either W+ or W- 
for more than two weeks as well as control food that had not been exposed to flies 
were weighed out and homogenized in 500 µl sterile water using sterile plastic pestles 
(USA Scientific). Particulate matter was pelleted in a quick spin and 100-200 µl of 
supernatant was plated on nutrient/mannitol agar plates. To determine the culturable 
microbiota of the fly surface, 3 flies were washed in 0.8 ml sdH2O for 2 min. After flies 
were removed vials were spun at 16 168 g (Eppendorf Centrifuge 5415D at 13,200 rpm) 
for 10 min. The bottom 100 µl of water was spread on plates. For fly interior individual 
flies were washed with 70% ethanol for 2 min and then washed twice in sdH2O for 2 
min each wash. Each fly was then homogenized in 100 µl sterile phosphate buffered 
saline (PBS) using a small pestle for about 1 min, until pieces of tissue were no longer 
visible. This solution was then plated. This protocol was adapted from (Ren et al. 2007) 
2.4.3 Colony PCR and sequencing 
Individual colonies were picked from the plates and resuspended in 50 µl of sterile 
sdH2O and 0.5 µl of this solution was used as a template for the colony PCR reaction. 
The Gotaq polymerase (Biorad) and 16S universal primers (Table 1.2) were used to 
amplify the 16S gene. PCR bands of the appropriate size were cut from the agarose gel 
and DNA was extracted using the gel extraction kit (Quiagen). Concentration was 
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calculated based on a 260/280 absorbance ratio by a NanoDrop spectrophotometer 
(Thermo Scientific) and samples were sent out for sequencing (Genewiz). Forward and 
reverse sequencing products were aligned and curated based on the chromatogram. 
Sequences were blasted against the 16S NCBI database to determine the identity of the 
plated colonies.  
2.5 Synchronization of larval cultures 
The timing of development can be altered by crowding larval cultures. Therefore no 
more than 50 females and 25 males were set up to lay eggs in a bottle containing 
standard food (see above). Flies were allowed to lay eggs for 2 hours after which they 
were either transferred to a new bottle for another 2 hour egg laying or discarded. 
Embryos where then aged for different time points counting the time when flies were 
emptied out as time zero. Protocol was adapted from (Gancz et al. 2011). 
2.6 Raising of adult cultures 
2.6.1 PCD and GSC division 
For the assessment of programmed cell death in the germarium and rate of stem cell 
division, flies were raised and kept in a 25°C incubator (60% humidity). Newly eclosed 
females were collected and kept with an equal number of males in yeasted vials for ~24 
hours after which they were dissected and processed for staining. For the analysis of the 
later stage PCD checkpoint (Figure 3.3), flies were kept for two days in yeasted vials. 
The vials were changed once after 24 hours.  
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For analysis of flies that had been part of the fecundity experiment (Table 4.2), flies were 
dissected after the fecundity experiment was completed, keeping the three replicate 
bottles separate. GSC division and PCD were assessed as in one day old flies but the 
mean was calculated from the three replicate bottles and not from three independent 
experiments.  
2.6.2 Correlation of GSC division with GSCN infection 
To assess the frequency of correlation of GSC division with GSCN infection (Figure 
4.4), 50 females and 25 males from each Drosophila mauritiana strain were set up to lay 
eggs for 2-3 days in bottles in the incubator. Newly eclosed flies from these bottles 
were dissected and Wolbachia infection and GSC division was analyzed. 
2.6.3 Generation of Wolbachia free germline cysts in W+ Drosophila simulans 
Drosophila simulans were raised at different environmental conditions based on Hodin 
and Riddiford (2000) and Sarikaya et al. (2012) and we serendipitously discovered that 
by this method some germline cysts were missing Wolbachia. One condition tested was 
to raise flies at a lower temperature (= 18oC). Bottles with 30 females and 30 males 
were left to lay eggs overnight and progeny were left to develop at 18oC until adulthood 
when they were dissected and analyzed. The other environmental condition was to raise 
flies on more “dilute” food of which three quarters had been replaced with 3% agar. The 
same number of adults as above were left to lay eggs on this quarter food for four hours 
in the incubator (60% humidity, 25 oC) and progeny were left to develop.  
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2.7 Microdissection of tissues from Drosophila adults and larvae 
For larval dissection larvae were removed from food with a spatula and transferred to a 
plastic dish. Food was “solubilized” with sdH2O and larvae were picked out from food 
with a brush and transferred to a clean plate. After having sorted out the larvae they 
were washed repeatedly with sdH2O and finally once with 70% EtOH. Then larvae were 
transferred to glass dissection wells (for better visibility) containing Grace’s 
(supplemented with L-Glutamine, BioWhittaker) solution. Depending on the larval stage 
and purpose of study, males and females were separated at this point (Ashburner et al. 
2005). Larvae were dissected by ripping off the head with forceps (Dumont #5 Forceps, 
Fine Science tools) and squeezing out the fat body containing the gonads. To ease 
further processing, all tissue was removed and fatbody was trimmed around the gonads. 
Tissue was then transferred into custom made tubes that were made in a way to 
prevent loss of small tissue during the staining procedure. To generate custom made 
tubes, 0.5 ml eppendorf tubes were cut on the lower half with a glowing scalpel. Next, a 
nytex (nylon) filter was attached to the melted plastic of the cut eppendorf tube. Pore 
sizes of either 48 µm (Amazon, small parts, F048N-08-C) or 62 µm (Amazon, small 
parts, F062N-08-C) worked well. Tubes were placed on a 48 well plate (Falcon) for all 
staining procedures except for primary antibody incubation which was found to work 
better in a nutating, conventional eppendorf tube. The larval dissection protocol was 
adapted from Maimon and Gilboa (2011). 
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Adult ovaries were dissected in either plastic or glass dissection wells in Graces. Tissue 
was not allowed to remain outside the fly for more than 20 minutes.  
2.8 In vitro incubation of Drosophila ovaries 
For a better illustration of the experimental procedure, methods are described in the 
legend of Figure 3.6. 
2.9 Fixation using paraformaldehyde 
Both larval and adult tissue was fixed for 20 minutes in 4% paraformaldehyde (PFA, EM 
grade), 0.2% Triton X-100 and Graces. Fix was washed off with three quick washes of 
PBS containing 0.2% TritonX-100 (PBT) and stored in PBT containing 0.2% BSA, 5% 
normal goat serum and 0.005% sodium azide (PBANG) at 4oC. 
2.10 Heat fixation of embryos 
For the collection of older developmental stages flies were allowed to lay eggs for two 
hours after which plates were changed and allowed to age for at least 15 hours. Eggs 
were dechorionated for at least 5 minutes with 50% Bleach (or until dorsal appendages 
were dissolved) and washed with sdH2O in a steel mesh. About 5ml of Triton-X salt 
solution (0.3% TritonX-100, 4 g/l NaCl) heated to a boiling temperature in a scintillation 
vial and the steel mesh with embryos was added. After 5 seconds of heat fixation the 
scintillation vial was filled with cold Triton-X salt solution and placed on ice for at least 
10 minutes. Embryos were allowed to settle to the bottom of the vial and then 
transferred to a 1.5 ml eppendorf tube. Most of the Triton-X salt solution was removed 
and replaced by 500 µl of each heptane and methanol. After the vitellin membrane had 
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completely dissolved heptane was removed and embryos were washed three times with 
methanol. Then embryos were placed at -20oC to further fix in methanol for at least 
one day after which they were ready for further processing. 
2.11 Injections 
2.11.1 Wolbachia purification 
Protocol for the Wolbachia purification was adapted from Xi and Dobson (2005), Iturbe-
Ormaetxe et al. (2010) and Frydman (2006). For the specific injection experiment 
described in section 6.1, we used Wolbachia wMau purified from stock #110 and 
Wolbachia strain wMel purified from stock #73. Flies infected with the desired donor 
Wolbachia strain were set up the night before the experiments on yeasted grape juice 
plates, in a similar mode to fecundity experiments. The next day embryos were 
dechorionated and surface sterilized with 50% bleach for 5 min. Then they were 
transferred to a steel mesh and washed with ddH2O and Triton-X salt solution. From 
there they were washed with Triton-X salt solution into a scintillation vial, where they 
were left to settle to the bottom after which embryos were transferred to a glass 
homogenizer. There they were washed twice with SPG buffer [218 mM sucrose, 3.8 mM 
KH2PO4, 7.2 mM K2HPO4, and 4.9 mM L-glutamate, pH 7.2, (Xi and Dobson 2005)] and 
homogenized in 500 µl of SPG buffer. The homogenate was spun in an 1.5 µl eppendorf 
tube for 10 min at 3200 g and the supernatant was transferred to centrifugal filter units 
(pore size = 5 µm, Millipore UFC30SV00). After another 10 min spin at 18 000 g the 
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supernatant was discarded and the Wolbachia pellet was resuspended in ~20 µl of SPG 
buffer.  
2.11.2 Hemolymph extraction 
For each hemolymph extraction experiment, 120 flies for both W+ and W- were 
utilized. Newly eclosed donor flies W+ and W- were aged for 1 day, decapitated, 
transferred to centrifugal filter units (pore size = 5 µm, Millipore UFC30SV00) and spun 
down at 10 000 g for 5 minutes to collect the hemolymph. Protocol was adapted from 
Frydman (2007). 
2.11.3 Injection of hemolymph or Wolbachia lysate into adult flies 
Needles (1b100-4, World Precision Instruments) were pulled with P-87 Sutter 
instrument following recommendations from Miller et al. (2002) and with the following 
settings (Heat 700, Pull 40, Velocity 60, Time 175). Tip was beveled with forceps. Newly 
eclosed adult females were injected with a PV830 pneumatic picopump injector. For 
Wolbachia injection, the amount of injected material was only visually controlled by an 
expansion of the abdomen of the injected flies. For hemolymph injection, newly eclosed 
W- flies were injected with 8 nl of hemolymph from infected (hW+) or uninfected 
(hW-) donor flies. (Figure 3.5) 
2.11.4 Bead injection 
Amine modified, fixable, red flurospheres (microspheres 0.2 µm Invitrogen F8763, lot 
29965W) were used for the bead injection experiments. Before injection, 20 µl of the 
31 
 
 
stock solution was washed several times in 500 µl of SPG buffer and concentrated again 
by spinning at 18 000 g. Beads were injected as in section 2.11.3.  
2.11.5 Screening of injected flies for Wolbachia infection by PCR and/or in situ 
hybridization 
To confirm that Wolbachia was successfully injected into the flies, genomic DNA was 
extracted using the DNAeasy kit (Quiagen) right after injection and a few days post 
injection. PCR using Wolbachia specific primers (Table 2.2) should determine whether 
Wolbachia was able to survive in the host. In most cases, it was necessary to perform a 
nested PCR since the amount of injected Wolbachia DNA was not likely detectable  
within the large excess of host DNA (right after injection). We therefore used FtsZuni 
as the primer for the first PCR which yields a ~700 bp product. For the second (nested) 
PCR we used the product of the first PCR as the DNA template amplifying a ~500 bp 
segment contained within the first one. Both fragments were analyzed on a 1% (w/v) 
agarose gel in TBE containing 0.5 µg/µl ethidium bromide. To test for successful vertical 
transmission, the ovaries of 3-4 week old injected flies were dissected and stained for 
Wolbachia (either by immunohistochemistry or in-situ hybridization) after they had been 
left to lay eggs for a few days. To link each ovary to the specific progeny she had 
produced, staining was carried out in a multiwell plate with one ovary per well 
(Millipore, multiscreen nylon mesh plates, cat# MANMN1150). The specific procedure 
for in-situ hybridization is described in Section 2.11.1. 
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2.12 Labeling for microscopy 
Tissue was fixed as described in section 2.10 (embryos) and 2.9 (adults and larvae). 
2.12.1 In situ hybridization 
Hybridization was performed at 37°C in 50% Formamide (v/v), 5x SSC, 250 mg/l Salmon 
sperm DNA, 0.5x Denhardt’s solution, 20 mM Tris-HCl, and 0.1% SDS (w/v). After a 30 
min preincubation period, tissue was incubated with 100 ng of each probe (Table 2.3) 
for 3 hours. Tissue was then washed twice for 15 minutes at 55°C in a 1x SSC wash 
with 0.1% SDS and 20mM Tris-HCl and then twice for 15 minutes in a 0.5x SSC wash 
with 0.1% SDS and 20 mM Tris-HCl. Hoechst was added to the second 0.5x SSC wash 
at a concentration of 10 µg/mL. Protocol was adapted from (Heddi et al. 1999; Moreira 
et al. 2009). 
2.12.2 General immunostaining 
Ovaries were blocked with PBANG for at least one hour. Incubation with primary 
antibodies (Table 2.4) was performed overnight at 4oC on a nutator. Next morning the 
antibody was washed off with 3 quick washes of PBT and washed twice with 30 minute 
washes of PBT containing 0.2% (w/v) of bovine serum albumin (PBT/BSA). Tissue was 
furthermore blocked for another 30 minutes with PBANG and then incubated with the 
secondary antibody for no more than 2 hours at room temperature in the dark. After 
incubation with secondary antibody, tissue was washed with three quick PBT washes 
followed by a long wash of 30 minutes with PBT. To label nuclei, tissue was further 
incubated for 30 minutes in 10 µg/ml Hoechst (Life Technologies) at room temperature. 
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The final wash consisted of two quick rinses with PBS after which larval and adult tissue 
was mounted in Prolong Gold (Life Technologies) or embryos in Aqua polymount 
(Polysciences, Inc). After mounting media had dried, slides were sealed with nail polish. 
2.12.3 Bromodeoxyuridine (BrdU) labeling 
BrdU staining was done according to Lilly and Spradling (1996). Ovaries of W+ and W- 
flies were dissected in alternating order in Grace's medium complemented with L-
Glutamine (Cambrex) and incubated in the same media containing BrdU (0.5 mg/ml, 
Sigma) for 1.5 hrs. After a quick wash, ovaries were fixed with 4% Paraformaldehyde. To 
expose incorporated BrdU for antibody detection, ovaries were treated with DNAse 
(Promega, 25 U per sample) for 30 min at 37°C. Subsequently, BrdU immunostaining 
was performed. 
2.12.4 TUNEL 
The TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling) assay was 
performed using the Apotag fluorescein direct in situ Apoptosis Detection Kit (S7160, 
Chemicon). Dissected and fixed (Section 2.9) ovaries were washed twice with 
equilibrium buffer for 5 minutes at room temperature and then incubated overnight at 
37°C in Terminal deoxynucleotidyl transferase (TdT) solution. Ovaries were washed for 
5 minutes in stop/wash solution followed by immunostaining to perform double labeling 
for Wolbachia. 
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2.12.5 Acridine orange 
For live imaging of PCD based on Acridine Orange incorporation, ovaries of W+ and 
W- females were dissected in alternating order in Grace's medium complemented with 
L-glutamine, then incubated in Acridine Orange solution (10 µg/ml) for 5 minutes at RT. 
Ovaries were rinsed three times with PBS and mounted in Halocarbon oil 700 for 
immediate analysis with a spinning disk confocal microscope (Olympus). Ovaries were 
analyzed in alternating order between W+ and W- to standardize the period between 
dissection and imaging.  
2.12.6 Phalloidin staining 
Phalloidin conjugated to Rhodamine (Life Technologies) was added to the fixation 
solution at a dilution of 1:200. A second round of Phalloidin staining at the same dilution 
for 30 minutes at RT was performed right before mounting tissue when costaining with 
fluorescent antibodies.  
2.12.7 Tyramide signal amplification 
The Tyramide signal amplification kit was acquired from Life Technologies. (Alexa 
Fluor® 546 T20913). After tissue incubation with primary antibody, tissue was washed 3 
times with PBT followed by a 30 minute wash in PBT. Endogenous peroxide activity was 
then blocked by incubating with 3% (v/v) H2O2 for 30 minutes in PBS at RT. Tissue was 
then washed twice with PBT before 300 µl of blocking agent was added to each tube 
and incubated for one hour at RT. The horseradish peroxidase (HRP) conjugated 
secondary antibody was added for two hours at RT. Tissue was then washed with three 
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quick washes of PBT followed by a long wash with PBT for one hour at RT. A total of 
500 µl Tyramide solution containing 5 µl Tyramide, 490 µl amplification buffer and 5 µl 
H2O2 (final concentration 0.0015% v/v) was added to each tube for 2 hrs at RT in the 
dark. Then ovaries were washed with three quick washes of PBT, washed again with 
PBT over night and then washed with PBT in the cold room for 5 days to reduce high 
background staining.  
2.13 Electron microscopy (EM) 
Fly ovaries were prepared by fixation in 2% glutaraldehyde, post-fixation in 2% osmium 
tetroxide, dehydration in an ethanol series, then embedded in Epon 812. Ultrathin 
sections (60 nm) were examined with a JEOL JEM2010 transmission electron 
microscope operated at an acceleration voltage of 80 kV. (Experiments performed by 
Kanchana Panaram and  Horacio Frydman). 
2.14 Light microscopy and analysis 
2.14.1 Visual scoring 
Presence of fluorescent labeling for e.g. PCD or a GSC division event was visually 
identified and counted using epifluorescence at 600x magnification using an Olympus 
Fluoview 1000 Confocal microscope.  
Representative images of PCD events and GSC division were acquired using a FV1000 
confocal microscope (Olympus). For each condition and experimental run, 
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approximately 10 ovarioles from 10 flies were randomly selected and scored for 
presence or absence of each label.  
Starting at experiments presented in chapter 4, a picture of all counted ovaries was 
taken at low magnification and a number was assigned that would make it easier to 
reassess the results. Ovaries were then scored for GSC or PCD events followed by 
confocal scanning of germaria that could not easily be visually classified. In addition, after 
the first variability in fecundity was observed, old slides (PCD in the germarium, section 
3.5.2) were requantified using visual scoring confirming previous results.  
For the kinetics experiment (chapter 5) z-stacks (spacing between 0.5 µm – 1 µm) were 
acquired of all larval ovaries analyzed. For the analysis of the fraction of Wolbachia 
particles that were dividing, each particle was given a unique identifying label. The same 
was done for the proportion of niche cells infected over time in Drosophila simulans. 
After analysis was finished, random samples were drawn for recounting and classification 
was confirmed. 
2.14.2 Criteria for FtsZ classification  
To determine the proportion of proliferating Wolbachia within the niche and 
surrounding soma, the following criteria were applied. FtsZ had to be present between 
HSP60 (labels Wolbachia cytoplasm). Crescents of HSP60 where FtsZ was only present 
on a dot on one side , were not considered since in dividing cells FtsZ is thought to 
form a ring.  Non dividing Wolbachia would comprise cells that were completely green 
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(no FtsZ at all) or yellow since in non-dividing cells FtsZ can also be more spread out in 
the cell [see also Figure 5.3A, (Margolin 2005)].  
2.14.3 Criteria for Wolbachia distribution in niche cells.  
First the color lookup Table (LUT) for the Phalloidin and the Wolbachia channel was 
changed. Increased adherens junctions were classified in the Phalloidin channel as having  
at least some pixels at saturation. I assigned the Wolbachia channel a LUT with distinct 
colors for different intensity values that made it easy to classify intensities by visual 
inspection into “low” (lower third of intensities), “medium” (higher third of intensities), 
“high” (highest third of intensities). Then for each terminal filament cell with high levels 
of actin, the presence and location of Wolbachia in different intensities was assessed. 
Wolbachia located adjacent to high levels of actin was classified as being “localized to 
adherens junctions” otherwise it would be classified as being “not localized to adherens 
junctions”. This analysis was carried out at 96 h and 108 h after egg laying.   
2.15 Computer analysis and data processing 
2.15.1 Data presentation 
Microsoft Excel was used to summarize, graph data and perform basic statistical analysis 
(all except for regression analysis). Photoshop was used to adjust contrast and 
brightness of microscopy images. Figure panels and diagrams were prepared with either 
Microsoft Powerpoint or Adobe Illustrator.  
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2.15.2 MatLab analysis 
Images were exported using microscope software (Fluoview 1000) to 16 bit or 8 bit Tiff 
images. In most cases, manual masks were drawn using morphological features such as 
DNA, Phalloidin or DIC. Wolbachia density was calculated from the sum of intensity 
divided by the number of pixels in a specific region. It is non-trivial to compare absolute 
pixel intensities between images since acquisition parameters as well as antibody 
penetration might vary from sample to sample. Therefore for most of the image analyses 
Wolbachia density was normalized to a region (e.g. the germline) within the same image. 
For the analysis of Wolbachia distribution in the niche cells (figure 5.9E-H) both a mask 
was drawn around the cell (using Phalloidin staining) and a line was drawn along the 
longest axis. The Radon transform algorithm was then applied which basically sums all 
the pixels along this line (Figure 5.9I). In addition the number of pixels was also summed 
so that the profile would reflect the distribution of Wolbachia density within this cell. 
Since cells can have different sizes and Wolbachia load, the length of the cells was 
standardized to 100 and the total density of Wolbachia was standardized to 1. The final 
output for each cell consisted of the fraction of density that was present along the 
longest axis of the cells. Since I found a large proportion of cells having Wolbachia only 
localized to one edge of the cells, I arbitrarily oriented the side with the larger values to 
the left. Finally I calculated an average trace for each time point which is plotted in 
Figure 5.9J.  
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2.15.3 Statistical analysis 
For all P-values listed, the statistical test used is indicated. Statistical tests were 
performed using Microsoft Excel, Matlab or R. Logistic regression analysis in Chapter 3 
was performed by Eric Kolaczyk. 
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Figure 2.1: Schematic of Backcrossing/Introgression experiments 
The backcrossing scheme is illustrated in the figure below by visualizing fly 
chromosomes as differentially colored rods. Antibiotic curing creates a selective 
pressure that can have phenotypic consequences (Bordenstein and Werren 2000). To 
counteract potential selection during antibiotic treatment of infected flies, crosses to 
infected males from the original stock were performed. Uninfected female flies (W-) 
obtained from the antibiotic treatment were crossed to infected male flies. This cross 
was repeated for two - four more generations so that the final nuclear genetic 
background of the uninfected (W-) and infected stock (W+) was about 90% similar. 
Since Wolbachia is strictly maternally transmitted, the progeny from every cross is not 
infected and the infection status of the males is irrelevant in this regard.  
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Table 2.1: Drosophila stocks 
Wolbachia strains were classified based on previous work (Paraskevopoulos et al. 2006) 
and multi locus sequence type (MLST) in our lab. The classification of the wMau strains 
is simply based on differential phenotypic observations. We have not identified a 
molecular difference yet.  
Stock 
number 
Name 
used 
Source 
Wolbachia 
strain 
Status 
Drosophila mauritiana 
#1 Dmau07init David Stern lab, wMau07 lost 
#4 Dmau07init W- 
Dmau07 original W- background 
Treated and backcrossed to #1 stock 
in 02/2008, (3x backcrossed) 
not infected In lab 
#191 Dmau07iso 
Dmau07 W+ single pair cross from #1 
female with #4 male, in October 2010 
wMau07 In lab 
#250 Dmau07iso W- 
Dmau07 W- established from #191 in 
01/2012, (5x backcrossed) 
not infected In lab 
#24 Dmau01init 
San Diego stock center (former 
Tuscon stock center)  
Dmau WT 14021-0241.01 received 
11/2007 
wMau01 lost 
#26 
Dmau01init 
W- 
Dmau01 W- established from #24 in 
2008 (3x backcrossed) 
wMau01 In lab 
#27 Dmau07SD 
San Diego stock center (former 
Tuscon stock center) Dmau WT 
14021-0241.07, received 11/2007 
wMau07 lost 
#29 Dmau07SD 
W- established from #27 in 2008 (3x 
backcrossed)  
not infected lost 
#175 Dmau01new 
Reaquired stock #24 from Rachel 
Huang in 2010, 14021-0241.01  
not all flies 
are infected 
with 
Wolbachia 
In lab 
#177 Dmau01iso 
established from single pair cross of 
#175 in Fall 2010 
wMau01 In lab 
#110 Dmau01hybrid 
Hybrid between with Wolbachia from 
(#1 stock) and genetic background 
from #26 stock, introgressed into #26 
background for 3 generations 
not all flies 
are infected 
with 
Wolbachia 
 
#188 Dmau01iso 
established from single pair cross of 
#110 in Fall 2010 
wMau07 
(from #1) 
In lab 
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Stock 
number 
Name used Source 
Wolbachia 
strain 
Status 
Drosophila mauritiana cont’ 
#236 Dmau01iso W- 
W- established from #188 in Spring 
2011 (5x backcrossed)  
not infected in lab 
#30 Dmauf2 
San Diego stock center (former 
Tuscon stock center), Dmau\f[2] 
14021-0241.22  
received 11/2007 
wMauf2 In lab 
#32 Dmauf2 W- 
W- established from #30 in 2008 (3x 
backcrossed)  
not infected In lab 
Drosophila simulans 
#42 Dsim 
San Diego stock center (former 
Tuscon stock center) D. simulans WT 
14021-0251.169 
received 05/2008 
wRi In lab 
Drosophila melanogaster 
#201 
Dmel 
yw 
Wolbachia from APC stock 
introgressed into genetic background 
of popcorn strain (yw background) 
wMel (ACP 
stock) 
In lab 
#73 Dmel SC 
Dmel Sc1 stock established from five 
females  
wMel SC In lab 
#9 G4 Drosophila melanogaster not infected In lab 
#104 Hml gfp 
Drosophila melanogaster: w[1118]; 
P{w[+mC] = Hml-GAL4.G}6-4 
P{w[+mC] = UAS-GFP::lacZ.nls}15.1 
P{w[+mC] = UAS-GFP.S65T}T2 
not infected In lab 
#199* 
Dmel UASp 
Dcp1 nos Gal4 
McCall lab January 2011 
2b-2 w;UASp+dcp-1nosGal4/TM3sb, 
infected with wMel from #201 in 
Spring 2011 
wMel (ACP 
stock) 
In lab 
*transiently infected with Wolbachia 
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Table 2.2: Oligonucleotides used for PCR 
Primer id DNA sequence (5'-->3') PCR program 
Acetobacter aceti 16S forward 
GGGATAACTCCGGGAAACTG
G 
1x (94°C 5 min)*, 
30x (94°C, 1 min, 57°C 
1 min, 72°C 1 min) 
1x (72°C 5 min) 
Acetobacter aceti 16S reverse GGTCCCTTGCGGGAAATATC 
Universal 16S primer forward 
(27F) (Ren et al. 2007) 
AGAGTTTGATCCTGGCTCAG 
1x (94°C 10 min)*, 
30x (94°C, 1 min, 54°C 
1 min, 72°C 2 min) 
1x (72°C 5 min) 
Universal 16S primer forward 
(1492R) (Ren et al. 2007) 
GGTTACCTTGTTACGACTT 
Wolbachia ftsZuni forward 
(Lo et al. 2002)  
GG(CT)AA(AG)GGTGC(AG)GCA
GAAGA 
5x(94°C 30 s, 60°C 
30s, 72°C 2 min), 
5x(94°C 30 s, 55°C 
30s, 72°C 2 min), 
25x(94°C 30 s, 50°C 
30 s, 72°C 2 min) 
Wolbachia ftsZuni reverse 
ATC(AG)AT(AG)CCAGTTGCAA
G 
Wolbachia ftsZ forward 
(Baldo et al. 2006) 
ATYATGGARCATATAAARGATA
G 37x(94°C 30 s, 54°C 
45 s, 72°C 1 min 30 s) 
Wolbachia ftsZ reverse TCRAGYAATGGATTRGATAT 
* first long denaturing step is required when amplifying DNA from colonies.  
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Table 2.3: Oligonucleotides used for in situ hybridization 
Probes labeled on the 5’ end with either Cy3 or Cy5 were purchased from IDT 
(Integrated DNA Technologies). In addition they were designed against conserved 
regions of the 16S gene and should therefore work for a wide variety of Wolbachia 
species. Probe sequences were adapted from (Heddi et al. 1999; Moreira et al. 2009) 
ID DNA sequence (5'-->3') 
Wpan16S450 CTTCTGTGAGTACCGTCATTATC 
Wpan16S887 ATCTTGCGACCGTAGTCC 
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Table 2.4: Antibodies 
Name dilution host Source 
Primary antibodies 
Hsp60 1:100 Mouse Lk2, Sigma 
Vasa 1:5 Rat 
DSHB (for use in D.mel 
only) 
Vasa 1:500 Rat Paul Lasko 
Phosphorylated histone 3 1:200 Rabbit Upstate Biotech 
Cleaved caspase-3 1:100 Rabbit Cell signalling 
BrdU 1:100 Mouse Amersham, RPN20AB 
Alpha Spectrin 1:500 Rabbit Trudi Schüpbach 
Alpha-catenin 1:40 Rat DSHB 
Decad2 1:50 Rat DSHB 
Engrailed 1:40 mouse DSHB 
Wolbachia FtsZ 1:1000* Rabbit Bill Sullivan 
Secondary antibodies 
anti-mouse HRP conjugated 1:100 goat Life Technologies 
anti-mouse, alexa 488 1:500* goat Life Technologies 
anti-mouse, alexa 546 1:500* goat Life Technologies 
anti-mouse, alexa 647 1:500* goat Life Technologies 
anti-rabbit, alexa 546 1:500* goat Life Technologies 
anti-rabbit alexa 633 1:500* goat Life Technologies 
anti-rat, alexa 568 1:500* goat Life Technologies 
anti-rat, alexa 647 1:500* goat Life Technologies 
* prehybridized with uninfected embryos or larval tissue (for FtsZ) 
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Chapter 3 
Wolbachia enhance Drosophila mauritiana stem cell proliferation and target 
the germline stem cell niche 
Portions of the chapter (except Appendix) were previously published in (Fast et al. 2011). 
 
3.1 Introduction 
Wolbachia are gram-negative bacteria that form intracellular infections in the 
reproductive tract of a large number of invertebrates such as insects and parasitic 
worms (Werren et al. 2008). Since Wolbachia infections can often change their host 
reproduction, this widespread infection has a profound effect on a large number of 
invertebrates. It is estimated that Wolbachia infect 106 insect species alone 
(Hilgenboecker et al. 2008). Furthermore, many invertebrates that harbor these bacteria 
are either the vectors (e.g. mosquitoes) or the causative agent (e.g. filarial nematodes) of 
devastating human infectious diseases. The biology at the interface between Wolbachia 
and their hosts offers novel paradigms for the treatment of filarial diseases and the 
control of disease vectors (Pfarr and Hoerauf 2006; Bourtzis 2008; Kambris et al. 2009; 
McMeniman et al. 2009). Therefore, understanding how Wolbachia spread in nature is an 
important ecological, evolutionary and human health question. 
Wolbachia are typically passed on by the mother in a pattern analogous to mitochondrial 
inheritance (vertical transmission). However, they can also move horizontally between 
hosts and acquire maternal inheritance in the newly invaded organism (O'Neill et al. 
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1992; Werren et al. 1995; Huigens et al. 2000). Phylogenetic evidence indicates extensive 
horizontal movement across species boundaries (O'Neill et al. 1992; Werren et al. 
1995). The successful horizontal transfer and vertical establishment of this intracellular 
bacteria between hosts of different species is facilitated by two characteristics: long 
term survival outside host cells (Rasgon et al. 2006; Fallon 2008).  and the capability of 
crossing host tissues to reach the germline (Frydman et al. 2006). In Drosophila 
melanogaster, Wolbachia reach the germline through targeting the somatic stem cell 
niche (SSCN), the microenvironment that supports the somatic stem cells and is in close 
proximity to the developing germline in the female ovary. In maternally infected 
Drosophila melanogaster, the SSCN is also preferentially infected, suggesting a possible 
role of niche tropism in the vertical transmission as well (Frydman et al. 2006).  
3.2 Wolbachia target the GSCN in Drosophila mauritiana 
To test if Wolbachia tropism for stem cell niches is a widespread occurrence in nature, 
we performed a survey of stem cell niche targeting in naturally infected species 
belonging to the Drosophila genus (Toomey et al. 2013). There are two well-
characterized stem cell niches in the Drosophila ovary: the SSCN and the germline stem 
cell niche (GSCN), both occurring in the germarium (Figure 3.1A and Figure 1.2).  
Within the species analyzed, our attention was caught by a stock of Drosophila mauritiana 
infected with Wolbachia wMau. Besides the previously reported infection of the SSCN 
(Frydman et al. 2006) we noticed an intense accumulation of Wolbachia in the GSCN, 
the structure harboring the germline stem cells (GSC, see Figure 3.1B). This 
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accumulation was absent in Drosophila melanogaster (Figure 3.1C). Two distinct somatic 
cell types present at the GSCN are the terminal filament and the cap cells (Figure 3.1A). 
The cap cells are located at the base of the terminal filament cells and directly contact 
the GSC, comprising a key component of the niche (Xie and Spradling 2000). The level 
of Wolbachia infection in both cell types was remarkable. Electron microscopy and 
three-dimensional reconstruction of confocal images show that the vast majority of the 
cytoplasmic volume of the GSCN is occupied by Wolbachia (see Fig 3.1E).  
Because GSCN function is essential for stem cell maintenance and activity (Xie and 
Spradling 2000), we hypothesized that the high levels of infection in the niche would 
impair its associated stem cells to a certain degree. An easy readout of stem cell activity 
is egg production, since every egg produced originates from the division of the stem 
cells associated with the GSCN (Figure 3.1A’). 
3.3 Wolbachia infection in Drosophila mauritiana increases egg production 
4-fold 
Surprisingly, the total number of eggs laid per Wolbachia-infected female (stock #1, 
Table 2.1) was 3.5 times higher than per non-infected flies (stock #4, Table 2.1, Figure 
3.1D, Table 3.1). This experiment was repeated under different environmental 
conditions; although the total number of eggs laid was reduced at higher temperatures, 
the eggs produced by infected flies (herein referred to as “W+”) still outnumbered the 
eggs produced by the non-infected females (referred to as “W-”), in this case by a factor 
of 4.1 (Figure 3.1D, Table 3.1). Prior to these fecundity experiments the genetic 
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background of the W+ and W- flies was homogenized by genetic introgression (see 
Methods and Figure 2.1), so the reason for these differences was not due to host 
genetic background. 
3.4 Wolbachia infection increases GSC division 
Given the increased levels of egg production we hypothesized that Wolbachia-infected 
ovaries contained stem cells that are more active. To test this possibility we assessed 
the frequency of GSC division in W+ and W- flies. We used three different markers for 
distinct phases of the cell cycle. The initial assessment was performed using the mitotic 
marker phospho-histone 3. Phosphorylation of histone 3 first occurs when the cell exits 
G2 and persists until the end of mitosis [Figure 3.2L, (Hendzel et al. 1997)]. We found 
that GSCs in Wolbachia infected flies were more frequently labeled than non-infected 
flies (Figure 3.2A and F). We observed an average of 2.7 ( 0.22) fold increase of labeled 
stem cells in Wolbachia infected flies (Figure 3.2K, N = 621 germaria, 3 independent 
experiments, Table 3.2). This increase could indicate a higher mitotic activity in infected 
germaria or an arrest in mitosis.   
To eliminate the possibility of mitotic arrest, we further explored GSC proliferation 
using a second method: the incorporation of the thymidine analog BrdU, a marker for S 
phase (Figure 3.2L). The number of GSCs incorporating BrdU was on average 2.1 
( 0.68) higher in infected germaria (Figure 3.2B, G and K, N = 1061, 3 independent 
experiments, Table 3.2).  
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To demonstrate definitively that the presence of Wolbachia increases GSC proliferation 
we used a third marker, the morphology of the fusome. The fusome is a vesiculated 
organelle that changes morphology during germline stem cell division (Lin et al. 1994; de 
Cuevas and Spradling 1998). During G2, the fusome assumes the shape of an 
exclamation mark (“!”, Fig 3.2M). The fusome with the “!” morphology was detected 1.6 
( 0.41) times more often in infected germaria compared to non-infected germaria 
(Figure 3.2C, H and K, n = 695, 3 independent experiments, Table 3.2).  
To evaluate the statistical significance of our results we performed logistic regression 
analysis (Hosmer and Lemshow 2000). Logistic regression allows us to assess the extent 
to which Wolbachia infection is associated with a change in the probability of finding 
dividing GSCs, while controlling for possible variability between experiments. We find 
that the probability of stem cell division is significantly increased in Wolbachia infected 
flies (pH3: P = 5.4 x 10-3, BrdU: P = 2.0 x 10-2, Fusome: P = 4.3 x 10-3). 
In nine independent experiments, utilizing three different methods, stem cell division in 
Wolbachia infected flies was on average doubled (2.1  0.65). Although significant, this 
amount by itself does not suffice to explain the fourfold increase in egg production in 
infected flies. 
3.5 Wolbachia and PCD  
An additional cellular event that could alter egg production in a Wolbachia-dependent 
manner could be cell death in the ovary. Programmed cell death (PCD) is a known key 
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regulator of egg production in Drosophila melanogaster (Drummond-Barbosa and 
Spradling 2001). Furthermore, previous studies in wasps and human neutrophils have 
shown that the presence of Wolbachia inhibits host apoptosis (Bazzocchi et al. 2007; 
Pannebakker et al. 2007).  
During Drosophila egg chamber formation, there are two developmentally-regulated 
points of PCD that modulate the levels of egg production (Drummond-Barbosa and 
Spradling 2001; Pritchett et al. 2009): The first PCD event occurs early in the mid region 
of the germarium (Figure 3.1A, left red arrow and Figure 3.2O, red arrowhead); the 
second PCD event occurs later, during the onset of vitellogenesis (Figure 3.1A, right red 
arrow) (Drummond-Barbosa and Spradling 2001). We quantified the influence of 
Wolbachia infection on both PCD events.  
3.5.1 Wolbachia does not affect PCD in previtellogenic egg chambers in the 
ovary  
Since Wolbachia has been shown previously to affect previtellogenic PCD in the parasitic 
wasp Asobara tabida (Pannebakker et al. 2007) we initially measured PCD at these stages. 
Surprisingly, in four independent experiments (N = 1175 ovarioles), the differences in 
PCD between W+ and W- previtellogenic egg chambers were highly variable and not 
significant regarding Wolbachia’s effects at this developmental point (P = 4.3 x 10-1, 
Figure 3.3, Table 3.3). 
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3.5.2 Wolbachia downregulates PCD in the germarium by 2-fold  
Accordingly, we next measured the levels of PCD in the germarium. In three 
independent TUNEL experiments, Wolbachia infection reduced PCD in the germarium 
around two fold (0.6  0.26; Figure 3.2D, I and N; N = 802 germaria). To corroborate 
this result, we additionally measured PCD in live germaria with the vital dye acridine 
orange. Again, in three independent experiments, PCD in W+ germaria was reduced 
roughly twofold (0.49  0.20; Figure 3.2E, J and N, N = 754 germaria). In all six 
independent experiments using two different assays, Wolbachia infection consistently 
decreased PCD in the germarium by approximately one half of the amount compared to 
non-infected flies (0.56  0.22, and Table 3.4). The Wolbachia-driven reduction of PCD 
in the germarium was statistically significant (Logistic regression, TUNEL: P = 8.0 x 10-3, 
Acridine Orange: P = 1.2 x 10-7). Together, these results indicate that the increase in egg 
production in W+ Drosophila mauritiana is due to both increased GSC mitosis and 
decreased PCD in the germarium.  
3.6 Mechanisms of Wolbachia’s increase in GSC division 
Next, we examined the mechanistic foundation for Wolbachia’s manipulation of germline 
stem division. We hypothesized two models of how Wolbachia infection could regulate 
GSC division. Model #1 proposes an ovary extrinsic mechanism of stem cell regulation 
and model #2 depicts the action of an ovary autonomous factor (Figure 3.11D). 
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3.6.1 Wolbachia infection in the brain is localized to the region of insulin-like 
peptide secretion 
Model #1 proposes a mechanism of Wolbachia’s upregulation of stem cell division via 
systemically circulating factors. Drosophila insulin-like peptides (DILPs) produced in the 
brain are well-described systemic regulators of GSC division (LaFever and Drummond-
Barbosa 2005). Drosophila melanogaster mutants in insulin/IGF signaling pathway display 
phenotypic differences between infected and non-infected flies (Gronke et al. 2010). In 
Drosophila mauritiana, Veneti and collaborators have shown that Wolbachia accumulates 
in the head region during embryonic development (Veneti et al. 2004). In agreement, we 
found Wolbachia wMau still present in the head of the adult. Furthermore, the same 
region where DILPs are produced (Figure 3.4), the brain median neurosecretory cells, 
was infected (Figure 3.4). These cells release insulin-like peptides into the circulatory 
system (Ikeya et al. 2002), favoring this model. 
3.6.2 Systemic factors from the hemolymph are not sufficient to increase 
GSC division after injection 
To investigate the presence of circulating promitotic factors, we extracted the 
hemolymph of infected (W+) and non-infected (W-) flies. Wolbachia-free Drosophila 
mauritiana were injected either with hemolymph extracted from W- or W+ flies and the 
rate of GSC division was measured (see Figure 3.5). The results were variable and there 
was no significant difference between flies injected with hemolymph derived from W+ 
or W- (three independent experiments, two different markers, see Figure 3.5B and 
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Table 3.5). According to this assay, Wolbachia does not promote GSC division via 
systemic factors as proposed in model #1. 
3.6.3 In vitro incubation of ovaries suggests an ovary intrinsic GSC division 
signal 
Model #2 proposes that a factor present in the ovary increases GSC division in an 
infection-dependent manner. To test the presence of this factor we initially performed 
an in-vitro assay, culturing only ovaries and thus excluding any systemic influence. We 
found that in this assay Wolbachia-infected ovaries contained a significantly higher 
proportion of GSCs dividing than non-infected ovaries (Figure 3.6C and Table 3.6, 
logistic regression: P(3h pH3) = 3.6 x 10
-2, P(3h BrdU) =  3.8 x 10
-3). The fold difference from this 
experiment corresponds closely to the results we obtained previously in vivo (Figure 
3.2), suggesting that Wolbachia promotes GSC division through an ovary-autonomous 
factor (Figure 3.11D, upper right diagram). 
3.6.4 High levels of Wolbachia infection in the GSCN correlates with GSC 
division 
In the ovary, a key structure controlling germline stem cell division is the germline stem 
cell niche, located at the tip of the germarium (Fig 3.1A). Germline stem cells are 
maintained and proliferate in response to signals provided by their stem cell niches 
(Wong et al. 2005). In the in vitro experiment previously described, we used ovaries 
from newly eclosed flies (Figure 3.7A). In Drosophila mauritiana, these ovaries have only 
the germarium and one egg chamber at an early developmental stage (Figure 3.7B-E). 
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No stem cell modulating factor is known to be present at these early egg chambers that 
just budded off from the germarium. Therefore the results from the in vitro experiment 
suggest that the GSCN is the source for the ovary autonomous factor upregulating GSC 
division (Figure 3.11D, lower right diagram).  
The two previous experiments support a niche dependent mechanism, but they have the 
caveat of being rather artificial conditions that may not reflect the complexity of host-
bacteria interactions occurring in the whole fly during normal life cycle. To confirm the 
previous findings under normal in vivo conditions, we designed another experiment to 
test if levels of Wolbachia in the GSCN correlate with mitotic activity of the GSC (see 
experimental design in Figure 3.8). During this assay we used only Wolbachia infected 
flies. Even though in W+ flies, most of the GSCN are highly infected (91.4% ± 6.5%, 
N = 788), there is a small population of niches that have either very low or no 
Wolbachia present. These distinct types of niches were termed “LN“ (low infection in 
the niche, Figure 3.9B and F) and their infected counterparts “HN” (high infection in the 
niche, Figure 3.9A and E, see also Figure 3.10). The occurrence of these niches offers 
the opportunity to compare two populations of germline stem cells, either associated 
with LN or HN niches. Because these distinct populations of GSCs are present inside 
the same infected flies, all the environmental and systemic factors are exactly the same. 
Interestingly, in four independent experiments the mitotic activity of GSCs residing in 
LN niches was substantially lower or absent in comparison to HN niches (Figure 3.9H, 
Table 3.7). There is a statistically significant association of GSC mitosis with the high 
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density of Wolbachia in the niche (P = 2.4 x 10-2, Figure 3.9 and Table 3.7). This 
observation favors a mechanism in which Wolbachia’s infection in the niche directly 
modulates stem cell activity, rather than operating through stem cell intrinsic factors. 
3.6.5 Range of Wolbachia loads in the GSC is small, not supporting a 
Wolbachia cell intrinsic control of GSC mitosis 
We further investigated the source of the promitotic stimulus provided by the HN 
niches. The mechanism proposed by model 2 could be further divided into two distinct 
possibilities: Wolbachia’s presence in the niche could directly induce the production of a 
promitotic factor that is relayed to the neighbouring GSCs. Alternatively, there is the 
possibility of Wolbachia driving higher GSC division from within the GSC itself. Since 
stem cell activity is also modulated by stem cell intrinsic factors (Hatfield et al. 2005). 
Wolbachia could drive higher GSC division from within the GSC itself. 
To address the latter possibility, we determined the Wolbachia concentration inside the 
GSCs according to the adjacent niche (Figure 3.10). From the density measurements as 
well as illustrated in Figure 3.9 (compare A to B), there were no significant differences in 
the levels of Wolbachia inside the GSC between both types of niches (P = 0.077, 
Mann-Whitney U test). This greatly contrasts with similar analysis measuring the levels 
of Wolbachia in the niches themselves. Detection of Wolbachia in niches classified as LN, 
when compared to niches classified as HN, was reduced by a factor of at least 10 fold, 
with a highly significant statistical difference (P = 1.6 x 10-7, Mann–Whitney U test). 
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These results favor a mechanism in which Wolbachia modulation of GSC activity is 
performed directly via the niche, rather than indirectly via stem cell intrinsic factors. 
3.7 Wolbachia effect on stem cell activity in the testis of Drosophila 
mauritiana 
To further confirm model #2, we searched for other stem cell niches in our Drosophila 
mauritiana stock that would be highly infected with Wolbachia. We found that Wolbachia 
highly infects the hub, which is the niche supporting the GSCs of the testis. Typically, in 
infected males, 64% of the hubs are highly infected with Wolbachia (Figure 3.11A, 
N = 77). In these niches (HN), the ratio of dividing stem cells per testes is 43% (Figure 
3.11C, N = 49). In contrast, in niches with low Wolbachia levels (LN) the ratio of stem 
cell division per testis is 29%, similar to that of non-infected testis (27%, fig 3.11C, see 
also Table 3.8). These results strengthen the hypothesis that the mechanism of 
Wolbachia-driven increase of stem cell mitosis is dependent on high density of the 
bacteria in the niche (Figure 3.11D, lower right diagram). 
3.8 Discussion 
In the Drosophila genus, Wolbachia induce changes in fecundity in several species and 
alterations in egg production can rapidly evolve (Hoffmann et al. 1990; Poinsot and 
Merçot 1997; Olsen et al. 2001; Reynolds et al. 2003; Fry et al. 2004; Weeks et al. 2007). 
Furthermore, alterations in egg production can rapidly evolve (Weeks et al. 2007). 
Nevertheless, much remains unknown about the mechanisms for Wolbachia-host 
interactions (Serbus et al. 2008). Here we report a strain of Drosophila mauritiana having 
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a reproductive advantage over their non-infected counterparts. We identified two 
cellular events previously unknown to be manipulated by Wolbachia to further promote 
their spreading through vertical transmission. The combination of Wolbachia-induced 
alterations of both PCD in the germarium and GSC mitosis culminates in higher egg 
production.  
Previous work has shown tropism of Wolbachia for the somatic stem cell niche 
(Frydman 2006; Hosokawa et al. 2010; Sacchi et al. 2010). This work reveals Wolbachia’s 
tropism for niches harboring germline stem cells in the ovary and the testis. In addition, 
this is to our knowledge, the first report of a bacterial infection manipulating germline 
stem cell division. Our data suggests that that by occupying the GSCN, Wolbachia 
upregulates the frequency of mitosis in the neighboring GSC. 
3.9 Appendix 
3.9.1 Wolbachia do not affect PCD in migrating germ cells in the embryo of 
Drosophila mauritiana 
In Section 4.4.2 it is shown that Wolbachia infection in Drosophila mauritiana lowers PCD 
of the germline in the germarium but not in later previtellogenic egg chambers. To 
further investigate if reduction of PCD by Wolbachia is a global phenomenon or specific 
for the particular checkpoint in the germarium, PCD of the germline at a completely 
different developmental stage, in the embryo, was investigated. Primordial germ cells 
complete several steps of migration before they associate with somatic cells with which 
they will eventually form the adult gonads (Santos and Lehmann 2004; Kunwar et al. 
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2006) and see 1.1.5). This migration involves developmentally regulated, caspase 
independent, PCD of a certain fraction of germ cells. Germ cells that fail to die will not 
coalesce into the gonad and form so called ectopic germ cells (Yamada et al. 2008). 
Since the mechanism of PCD of the germline in the embryo appears to be different than 
the one in the adult ovary this would be an appropriate system to investigate the global 
prevalence of Wolbachia reduction of PCD. Embryos of infected (W+, stock #191) and 
uninfected (W-, stock #4) Drosophila mauritiana were collected, fixed and stained with 
VASA, Wolbachia and Hoechst. Embryonic stages were determined using the 
morphology of the lateral cord and the existence of mouth parts (Hartenstein 1993). 
Figure 3.12A shows a representative image of an ectopic germline (yellow arrow) in a 
Wolbachia infected Drosophila mauritiana embryo. Both the presence of ectopic germline 
(Figure 3.12B) as well as the number of ectopic germline cells was counted (Figure 
3.12C). Figure 3.12 as well as Table 3.9 shows that the values are very similar for W+ 
and W-. Therefore these data do not support a model where Wolbachia influences PCD 
of the germline during embryogenesis.   
3.9.2 The frequency of cleaved caspase-3 is increased in germaria of 
Wolbachia infected flies in Drosophila mauritiana  
As mentioned in the introduction there are several forms of PCD. To investigate a 
more detailed mechanism of Wolbachia modulation of PCD in the germarium and a 
potential involvement of caspases, the frequency of cleaved caspase-3 was assessed in 
W+ (stock #1) and W- (stock #4). The presence of cleaved caspase-3 in the germarium 
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was divided into two subcategories; labeling of single cells which is indicative of follicle 
cells dying and labeling of clusters of cells which is indicative of whole germline cysts 
dying (Drummond-Barbosa and Spradling 2001). Table 3.10 shows a summary of three 
independent experiments. It lists the frequency of marker expression as percentages. 
When comparing the fold change between W+ and W- it can be seen that the 
frequency of cleaved caspase-3 expression is consistently higher in W+ for germline 
cysts dying. The fold change in frequency of single (follicle) cells dying is more variable 
(0.43 – 1.6). Overall, in two out of the three experiments (Experiment 1 and 2) the 
frequency of cleaved caspase-3 positive cells is significantly different (P < 0.05, 
chi-square) comparing W+ and W-. In the same experiments the frequency of TUNEL-
positive cells was also assessed. Interestingly double staining of TUNEL and cleaved 
caspase-3 indicate that W- germaria have a higher frequency of TUNEL positive cysts 
that do not stain positive for cleaved caspase-3 and in W+ the opposite is the case 
(higher frequency of caspase-3 positive cysts without TUNEL). Together these results 
suggest that Wolbachia mediated inhibition of PCD in the germarium is not mediated by 
lowering caspase activation.  
3.9.3 Appendix discussion 
PCD is an umbrella term that encompasses multiple different mechanisms of how 
eukaryotic cells can die. In section 3.5.2 we showed that both the frequency of TUNEL 
and Acridine orange positive cells is decreased in germaria of Wolbachia infected flies. 
This decrease in PCD is also reflected in the increased egg production of W+ flies. Since 
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caspases had been implicated in cell death in the germarium we conducted additional 
experiments assessing presence of cleaved caspase-3 in the germaria of W+ and W- 
flies. To our surprise we consistently found an increase of caspase positive clusters of 
cells in Wolbachia infected germaria. This could be an indication that the decrease in 
PCD by Wolbachia is not mediated via a caspase dependent mechanism. It could also 
reflect different kinetics of cell death in W+ and W- germaria, where the increased 
frequency of cleaved caspase-3 might indicate a delayed or slower PCD. It has been 
shown that increased expression of caspases does not necessarily need to result in 
programmed cell death (Garrido and Kroemer 2004; Galluzzi et al. 2008). Interestingly, 
Wolbachia have been shown to interact with other proteases (Hussain et al. 2011) which 
could be the case in the germarium as well. Future work will need to be performed to 
determine the biological significance of this result. 
In addition, we investigated how widespread Wolbachia inhibition of programmed cell 
death is and therefore assessed the presence of ectopic germ cells in the embryo. We 
did not find a difference between the frequency of ectopic germ cells between infected 
and uninfected Drosophila mauritiana embryos. Together with data from the ovary that 
do not indicate an influence of Wolbachia on previtellogenic cell death, we think that 
Wolbachia effect on PCD is rather specific for the germarium. Interestingly, also in 
Drosophila melanogaster, Wolbachia affects programmed cell death in the germarium 
(Zhukova and Kiseleva 2012). Recently Wolbachia was implicated in autophagy in 
Drosophila as well as in microfilaria and in a cell culture model (Voronin et al. 2012). It 
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has also been shown that in the Drosophila ovary autophagy plays a role in programmed 
cell death (Velentzas et al. 2007; Hou et al. 2008; Nezis et al. 2009; Barth et al. 2011) 
controlling DNA fragmentation in late oogenesis (Nezis et al. 2010) and potentially at 
other stages. In fact there exists a vast body of literature of how intracellular pathogens 
can subvert the autophagic machinery (Deretic and Levine 2009). Therefore one 
possible mechanism that awaits further testing is if and how Wolbachia’s influence on 
PCD in the germarium operates through some autophagy dependent pathway.   
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Figure 3.1: Wolbachia target the GSCN and infection increases egg 
production 
(A) Cellular events affecting egg production. Drosophila ovariole with the germline 
shown in light blue and the somatic cells in white. Egg chambers are formed in the 
germarium (left) and move to the posterior as they mature into the egg (rightmost 
structure). The upward-pointing green arrow indicates germline stem cell (GSC) 
division, which positively affects egg production. The downward-pointing red arrows 
indicate developmental points where the onset of programmed cell death (PCD) 
reduces egg production. PCD occurs either in the mid region of the germarium (left red 
arrow) or in previtellogenic egg chambers (right red arrow). (Lower left) A magnified 
view of the germarium shows both the somatic stem cell niche (SSCN, green 
arrowhead) and the germline stem cell niche (GSCN, green cells underneath the yellow 
bracket) containing the GSCs (dark blue, blue arrowhead). (A’) Rate of egg production 
correlates positively with stem cell division. GSC (blue with red nuclei) divides 
asymmetrically: one daughter cell remains at the GSCN (green) and the other daughter 
cell exits the niche and forms the egg chamber’s germline that differentiate into mature 
eggs. (B and C) Diversity of stem cell niche tropism. Wolbachia (stained in green) target 
the GSCN (yellow bracket) in Drosophila mauritiana (B) and the SSCN (green 
arrowheads) in Drosophila melanogaster (C). (D) Variations of external environment and 
aging do not affect Wolbachia-induced gains in fecundity. The infected line (W+, in green) 
produced approximately four times more eggs than the non-infected line (W-, in yellow) 
at three different conditions. The graph shows the fold change of total amount of eggs 
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laid per female normalized to W-. Each experiment was done in triplicate and flies were 
kept either at room temperature (RT) or at 25ºC. Relative egg production was assessed 
at 20 days (RT and 25ºC) and 46 days (for RT only).  The respective P-values are PRT 20 
days  = 6.5 x 10-4, PRT 46 days  = 3.9 x 10-4 and P25ºC 20 days = 1.7 x 10
-2 (Student’s t-
test). (E and F) Electron micrographs of a germarium from an infected (E) and a non-
infected (F) Drosophila mauritiana. The cap cells are false colored in green and the GSC 
in blue. Note most of the cytoplasmic area of the cap cells is occupied by Wolbachia 
wMau (E). The inset in E and F shows a magnified view of the cytoplasm of the GSCN 
(cap cells). A single Wolbachia wMau is indicated by an “*” in the inset (E).  
Figure 3.1: Wolbachia target the GSCN and infection increases egg 
production 
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Figure 3.2: Wolbachia infection increases GSC mitotic activity and suppresses 
PCD 
Confocal images of Drosophila mauritiana germaria infected [W+, (A-E)] and non-infected 
[W-, (F-J)]. Representative images for the respective infection status are shown. The 
presence or absence of the event being measured is indicated by red arrowheads (A-J). 
Germline stem cell division (A-C; F-H) and cell death (D-E; I-J) are analyzed using three 
and two different markers respectively, indicated in the top of the Figure (A-J). (L-M and 
O) Indicate the cell cycle specificity or morphological features of the markers utilized 
(see text for details). (K and N) Show the average fold difference of the GSC division or 
cell death frequency in infected stocks normalized to the frequency of the same events 
in uninfected stocks. For each marker used, three independent experiments were 
performed (total of 15 independent experiments). Uninfected stocks were normalized 
to one and data are indicated as fold change. 
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Figure 3.3: Wolbachia have no effect on previtellogenic PCD 
Cell death was assessed by DNA morphology indicated by the nuclear dye Hoechst 
(red). (A) Healthy egg chamber, indicated by evenly dispersed chromatin in the nurse 
cells (arrowhead), from this Wolbachia infected Drosophila mauritiana fly. (B) Highly 
condensed (arrow) and fragmented DNA (arrowhead) is a sign of a dying egg chamber 
from this non-infected Drosophila mauritiana fly. No significant differences in cell death 
were detected between infected and non-infect egg chambers in previtellogenic stages 
(see Table 3.3). 
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Figure 3.4: Wolbachia localization in the brain suggests infection of cells that 
secrete insulin-like peptides 
Representative image of Wolbachia in the brain of Drosophila mauritiana. Figure (A) 
shows differential interference contrast image (DIC) of the immunofluorescence image 
in (B). Red arrow points to the region containing the median neurosecretory cells 
(mNSC), which are thought to secrete insulin-like peptides (Broughton et al. 2005). 
Maximum projection of a whole brain (B) shows that Wolbachia is distributed 
throughout the whole brain but does consistently accumulate in the area containing the 
mNSCs (N = 10 brains).  
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Figure 3.5: Hemolymph injection of uninfected flies and effect on GSC 
division 
A: Schematic of hemolymph injection experiment. Hemolymph was extracted from 120 
one-day-old flies for both infected (W+) and uninfected flies (W-) according to 
published protocol with slight modifications (Frydman 2007). Hemolymph was injected 
into the abdomen of newly eclosed uninfected (W-) flies. Stem cell division was assessed 
by pH3 staining and fusome staining. 
B: Fold difference of GSC division in uninfected flies (W-) injected either with 
hemolymph from Wolbachia infected stocks (hW+) or W- flies injected with hemolymph 
from uninfected stocks (hW-). For display purposes, flies injected with uninfected 
hemolymph (hW-) were normalized to one and data is indicated as fold change. Error 
bars represent the standard deviation of three independent experiments. Even though in 
some experiments a slight increase in stem cell division was observed, the results were 
highly variable and showed no significant association with the infection status (n = 1482 
germaria, logistic regression: P(Fusome) = 0.79, P(pH3) = 0.17).  Percent stem cell division is 
shown in Table 3.5. 
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Figure 3.5: Hemolymph injection of uninfected flies and effect on GSC 
division 
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Figure 3.6: GSC division after in vitro incubation of ovaries 
(A) Schematic of the dissection and in vitro incubation. To assess the influence of ovary 
intrinsic factors on Germline stem cell division, ovaries were incubated in vitro in the 
absence of systemic influences.  
(B) Timeline of in vitro experiment. Newly eclosed flies (less than 4 hours, indicated as 
0 day old), of both Wolbachia infected (W+) and uninfected (W-) flies were dissected 
over the course of 30 minutes in alternating order. A fraction of the ovaries were fixed 
immediately (0h time point) to assess the levels of stem cell division in vivo using 
Phospho-histone 3 (pH3). The remaining ovaries (Sample “3h”) were washed for 30 
minutes to equilibrate all extra ovary effects between infected and uninfected flies and 
then kept in media containing BrdU. After 3 hours of incubation, ovaries were fixed and 
processed according to methods described above (see Methods). Sample “3h” was 
double labeled for both BrdU and Phospho-histone 3 (pH3). Schneider’s media (GIBCO) 
was used for dissection, washes and BrdU incubation.  
(C) Fold difference of GSC division in ovaries from infected flies (W+) compared to 
uninfected flies (W-). Ovaries were either fixed right away (sample 0h pH3) or 
incubated for 3h in vitro and double labeled with the respective cell division markers 
pH3 and BrdU (sample 3h). Percent stem cell division is shown in Table 3.6, average fold 
change after 3h = 2.9 fold, N = 583 germaria, logistic regression: P(3h pH3) = 3.6 x 10
-2,  
P(3h BrdU) = 3.8 x 10
-3 
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Figure 3.6: GSC division after in vitro incubation of ovaries 
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Figure 3.7: Ovaries of newly eclosed flies do not contain later stages of 
oogenesis 
A: Bright field image of an ovary from a seven day old Drosophila mauritiana fly (left) and 
a 0 day old (newly eclosed) fly (less than 4 hours, right side). Representative confocal 
images of immunohistochemically stained Wolbachia infected (B and D) and uninfected 
(C and E) ovaries from newly eclosed flies (< 4h old) used for the in vitro assay. A 
dividing germline stem cell (red arrowhead) is indicated in B. Newly eclosed flies were 
selected because in Drosophila mauritiana, these ovaries have only the germarium and 
one egg chamber at an early developmental stage (stage 2-3, B-E). No stem cell 
modulating factor is known to be present at these early egg chambers. Therefore the 
results from the in vitro incubation experiment (Figure 3.6 and Table 3.6) suggest that 
the GSCN is the source for the ovary autonomous factor upregulating GSC division.  
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Figure 3.7: Ovaries of newly eclosed flies do not contain later stages of 
oogenesis 
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Figure 3.8: Occasional lightly/non-infected niches (LN) allow assessing for 
niche dependent stem cell division within the same fly in vivo 
Schematic of the experiments shown in Figure 3.9. The numbers shown here 
correspond to experiment one. Ovaries from Wolbachia infected Drosophila mauritiana 
(W+) were dissected, and after staining for cell division markers (BrdU or Fusome), 
germaria were divided into two groups according to the levels of infection in the 
germline stem cell niche (HN and LN, see Figure 3.10). The frequency of stem cell 
division was then assessed for each group separately (Figure 3.9). In this experiment, 
29% of the stem cells neighboring niches with high levels of Wolbachia were undergoing 
germline stem cell division. This contrasts with only 9% of stem cell division in the 
niches that were not infected with Wolbachia (LN).  
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Figure 3.9: High levels of Wolbachia at the GSCN upregulates GSC mitosis 
Germaria from infected Drosophila mauritiana. Red dotted circles indicates the GSCs (C 
and D). Cap cells and the base of the terminal indicated by yellow brackets (A-F). In 
infected flies, most of the GSCN show high levels of Wolbachia (HN, see A and E). 
Occasionally in infected flies, few germaria have niches harboring low levels of Wolbachia 
(LN, see B and F). (A, C and E) The Wolbachia-rich niche is adjacent to a dividing GSC 
and its respective daughter cell (white dotted circle in C). (B, D and F) The Wolbachia-
poor niche harbors a non-dividing GSC. (G) The frequency of niche infection was 
measured in four different experiments, either by fusome morphology (Exp. 1 and 2) or 
BRDU incorporation (Exp 3 and 4). The solid green bars indicate the percentage of 
germaria with high levels of Wolbachia in the GSCN (HN) whereas the hatched green 
bars represent the percentage of germaria with low levels of niche infection (LN). The 
numbers in each category and the total number of germaria analyzed are indicated for 
each experiment. (H) From the same experiments shown in (G), the frequency of stem 
cell division in the highly infected niches (HN, solid bars) and lightly infected niches (LN, 
hatched bars) was assessed.  
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Figure 3.9: High levels of Wolbachia at the GSCN upregulates GSC mitosis 
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Figure 3.10: Measurement of Wolbachia density in GSCNs classified as highly 
infected (HN) and lightly infected (LN) 
Germline stem cell niches of Wolbachia infected flies were either classified as HN (for 
GSCNs with high Wolbachia infection) or LN (GSCNs with low Wolbachia infection. 
Confocal images analysis was performed to quantify Wolbachia density in HN and LN 
GSCNs and adjacent GSCs. All images were obtained using identical acquisition 
parameters. Wolbachia density is shown in arbitrary values. The intensity of the 
Wolbachia signal from each pixel was summed and divided by the total number of pixels 
within the area delimitated by the GSCN and GSC. The Wolbachia signal in niches 
classified as LN was reduced by a factor of at least 10 when compared to niches 
classified as HN, the error bars corresponds to standard deviation, N(HN) = 16, N(LN) = 7. 
The difference between HN and LN in GSCNs is statistically significant (P = 1.6 x 10-7, 
Mann–Whitney U test) whereas the difference between HN and LN in GSCs is not 
(P = 0.077, Mann–Whitney U test). 
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Figure 3.11: High density of Wolbachia at the hub cells is linked to GSC 
mitosis in the testis 
(A and B) depict the niche (aka hub) present at the testis of an infected stock of 
Drosophila mauritiana (W+). Wolbachia are shown in green. The hub is labeled with anti-
-catenin (red, yellow arrow), and dividing stem cells are identified by anti-
phosphorylated histone 3 antibody (pH3, white). (A) Highly infected niche (HN) 
showing a dividing stem cell. (B) Representative niche of low infection density (LN) and 
no dividing stem cell. (C) Ratio of the total number of dividing stem cells to the number 
of testes analyzed in W+ (HN or LN) and W- flies. Experiment performed by Michelle 
Toomey. (D) Two models of how Wolbachia infection can regulate stem cell division. 
Germline stem cells (dark blue) are present in the fly ovary (ov). In model #1 a 
circulating systemic factor (e.g. released by the brain) is the signal (pink arrow) inducing 
GSC division in the ovary. Model #2 depicts an ovary-autonomous factor. A proposed 
source for the mitotic signal is the germline stem cell niche. Niches highly infected with 
Wolbachia (HN) result in a stronger mitotic signal (see text for details).  
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Figure 3.11: High density of Wolbachia at the hub cells is linked to GSC 
mitosis in the testis 
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Figure 3.12: Wolbachia does not influence PCD of ectopic germline cells in 
Drosophila mauritiana 
A: representative image of an embryo with ectopic germline (yellow arrow). Both the 
percentage of embryos with ectopic germ cells (B) as well as the number of ectopic 
germ cells per embryo (C) is equivalent between infected (W+) and uninfected flies 
(W-). See also Table 3.9. 
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Table 3.1: Fecundity of Wolbachia infected flies (W+) and non-infected flies 
(W-) 
Average (mean) egg production per female ± standard deviation in Wolbachia infected 
flies (W+) and non-infected flies (W-). Experiment A was carried out at room 
temperature (RT) over a total period of 46 days and experiment B was carried out at 
25°C with controlled humidity (60%) over 20 days. For comparison the average 
fecundity of experiment A over 20 days is also indicated. Averages and standard 
deviation were obtained from 3 independent samples, each containing 5 females for 
both W+ and W-. Fold difference is the ratio of the average egg production in W+ 
females to that in W- females. The P-values were calculated using an unpaired, one-tailed 
Student's t-test.  
 
number of eggs 
Fold difference (W+/W-) P - value 
W+ W- 
Experiment A – RT (20 days) 216 ± 29 62 ± 16 3.5 6.5 x 10-4 
Experiment A - RT (46 days) 305 ± 42 74 ± 11 4.1 3.9 x 10-4 
Experiment B - 25°C (20 days) 61 ± 24 15 ± 8 4.1 1.7 x 10-2 
  
82 
 
 
Table 3.2: Germline stem cell (GSC) division 
Wolbachia infection consistently and significantly increases the mitotic activity of 
germline stem cells. Quantification of germline stem cell division was measured in 9 
independent experiments (3 each using BrdU, Fusome and Phospho-histone 3). The 
frequency of dividing GSCs of Wolbachia infected (W+) and non-infected (W-) is shown 
for each experiment. The number of germaria analyzed (N) is given in parentheses. Fold 
difference is the percent of germaria with a dividing GSC in W+ females divided by the 
percent germaria with a dividing GSC in W- females. The overall average of stem cell 
division in W+ is 2.1 (± 0.65) fold of W-, N = 2377, logistic regression: P(pH3) = 5.4 x 10
-3, 
P(BrdU) = 2.0 x 10
-2, P(Fusome) = 4.3 x 10
-3. 
 
Percentage of GSC 
division in W+ (N) 
Percentage of GSC 
division in W- (N) 
Fold difference 
(W+/W-) 
Phospho-histone 3 #1 8.8% (80) 3.5% (85) 2.5 
Phospho-histone 3 #2 10% (101) 4.0% (101) 2.8 
Phospho-histone 3 #3 6.6% (121) 2.3% (133) 2.9 
Average pH3 (± stdv) 8.8% (± 2.1%) 3.3% (± 0.88%) 2.7 (± 0.22) 
BrdU #1 9.2% (98) 6.3% (126) 1.5 
BrdU #2 4.4% (180) 1.6% (190) 2.8 
BrdU #3 7.1% (240) 3.5% (227) 2.0 
Average BrdU(± stdv) 6.9% (± 2.4%) 3.8% (± 2.4%) 2.1 (± 0.68) 
Fusome  #1 28% (100) 19% (100) 1.3 
Fusome  #2 22% (111) 16% (189) 1.3 
Fusome  #3 35% (100) 17% (95) 2.0 
Average Fusome (± 
stdv) 
28% (± 6.5%) 17% (± 1.4%) 1.6 (± 0.41) 
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Table 3.3: Programmed Cell Death (PCD) in previtellogenic egg chambers 
Wolbachia’s presence has no significant effect in the levels of previtellogenic PCD. Each 
row of Table 3 (Hoechst #1 - #4) refers to one independent experiment. Percent of egg 
chambers undergoing programmed cell death (PCD) of Wolbachia infected flies (W+) 
and non-infected flies (W-) for each experiment. Fold difference is the percent egg 
chambers undergoing PCD in W+ females divided by the percent egg chambers 
undergoing PCD in W- females. The number (N of egg chambers analyzed is given in 
parentheses. The total N = 1175, logistic regression: P = 5.43 x 10-1 
 
Percentage of PCD 
in W+ (N) 
Percentage of PCD in 
W- (N) 
Fold difference 
(W+/W-) 
Hoechst #1 3.9% (51) 7.6% (53) 0.52 
Hoechst #2 8.7% (103) 6.7% (104) 1.3 
Hoechst #3 16% (222) 20%  (211) 0.77 
Hoechst #4 12% (225) 12% (206) 1.0 
Average (± stdv) 10% (± 5.1%) 12% (± 5.3%) 0.90 (± 0.33) 
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Table 3.4: PCD in the germarium 
Wolbachia infection reduces the frequency of PCD in the germarium by approximately 
half. Each row of Table 4 (TUNEL/Apoptag #1 - #3 and Acridine Orange #1 - #3) refers 
to one independent experiment. Percent of germaria undergoing PCD of Wolbachia 
infected flies (W+) and non-infected flies (W-) for each experiment. The number (N) of 
germaria analyzed for TUNEL and Acridine Orange are given in parentheses. Fold 
difference is the percent germaria undergoing PCD in W+ females divided by the 
percent germaria undergoing PCD in W- females. The overall average of PCD in the 
W+ germarium is 0.56 (± 0.22) fold of W-, N = 1556 germaria, logistic regression: 
P(TUNEL) = 2.0 x 10
-2, P(Acridine Orange) = 4.3 x 10
-3. 
 
Percentage of 
PCD in W+ (N) 
Percentage of 
PCD in W- (N) 
Fold difference 
(W+/W-) 
TUNEL/Apoptag #1 3.7% (109) 5.0% (121) 0.74 
TUNEL/Apoptag #2 8.9% (101) 26% (102) 0.34 
TUNEL/Apoptag #3 17% (170) 20% (199) 0.82 
Average TUNEL (± stdv) 9.7% (± 6.5%) 17% (± 11%) 0.63 (± 0.26) 
Acridine Orange (AO) #1 11% (100) 18% (80) 0.63 
Acridine Orange (AO)  #2 9.4% (127) 37% (108) 0.26 
Acridine Orange (AO)  #3 20% (164) 33% (175) 0.59 
Average AO (± stdv) 13% (± 5.4%) 29% (± 10%) 0.49 (± 0.20) 
 
85 
 
 
 Table 3.5: GSC division after hemolymph injection of W- 
Upon injection into Wolbachia-free flies, hemolymph from Wolbachia infected and non-
infected host produces no significant differences in GSC division. Frequency of dividing 
GSCs of W- flies injected with hemolymph from Wolbachia infected (hW+) and non-
infected (hW-) females are shown for each experiment. A total of 3 experiments with 
double labeling of germline stem cells (GSCs) for Phospho-histone 3 and Fusome was 
performed. The number of germaria analyzed (N) is given in parentheses. Fold 
difference is the percent of germaria with a dividing GSC in hW+ females divided by the 
percent germaria with a dividing GSC in hW- females. Average fold change = 1.4, 
N = 1482 germaria, logistic regression: P(Fusome) = 0.79, P(pH3) = 0.17 
 
Percentage of GSC 
division in hW+ (N) 
Percentage of GSC 
division in hW- (N) 
Fold 
difference 
(hW+/hW-) 
Phospho-histone 3 #1 8.5%(342) 4.3% (231) 2.0 
Phospho-histone 3 #2 3.3%(242) 4.2%(284) 0.79 
Phospho-histone 3 #3 2.8%(178) 1.5%(205) 1.9 
Average Phospho-histone 3 
(± stdv) 
4.9% (± 3.2) 3.3% (± 1.6) 1.6 (± 0.67) 
Fusome #1 6.4%(342) 3.9% (231) 1.6 
Fusome #2 5.0%(284) 5.6% (284) 0.89 
Fusome #3 3.4% (178) 4.9% (205) 0.69 
Average Fusome (± stdv) 4.9% (± 1.5) 4.8% (± 0.85) 1.1 (± 0.50) 
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Table 3.6: GSC division of in vitro assay 
Sample for 0 hour measurement was labeled only with Phospho-histone 3. Sample B was 
double labeled for Phospho-histone 3 and BrdU. Frequency of dividing GSCs of 
Wolbachia infected (W+) and non-infected (W-) females for each experiment. The 
number of germaria analyzed (N) is given in parentheses. Fold difference is the percent 
of germaria with a dividing GSC in W+ females divided by the percent germaria with a 
dividing GSC in W- females. Average fold change after 3h = 2.9 fold, N = 583 germaria, 
logistic regression: P(3h pH3) = 3.6 x 10
-2, P(3h BrdU) =  3.8 x 10
-3 
 
Percentage of GSC 
division in W+ (N) 
Percentage of GSC 
division in W- (N) 
Fold difference 
(W+/W-) 
Sample 0h  
Phospho-histone 3 
1.7% (176) 0.80% (133) 2.1 
Sample 3h 
Phospho-histone 3  
11% (146) 3.9% (128) 2.8 
Sample 3h 
BrdU 
19% (146) 6.3% (128) 2.9 
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Table 3.7: GSC division in infected GSCN (HN) and in GSCN with low 
infection (LN) 
Total number (percentages in parentheses) of germaria with niches having high 
Wolbachia infection (HN) and niches having low Wolbachia infection (LN). Absolute 
number and percentage of germaria with high infection of the GSCN (HN). The GSCN 
was identified by morphology, cortical spectrin staining and absence of the germline 
marker VASA at the anterior most tip of the germarium. GSC division in Exp 1 and 
Exp 2 was assessed using Fusome staining, in Exp 3 and Exp 4 using BrdU. Presence of 
dividing GSCs was assessed in HN and LN germaria. Logistic regression: P = 2.4 x 10-2  
Experiment 
Total 
germaria 
 HN (%) 
HN with dividing 
GSC (%) 
 LN (%) 
LN with dividing 
GSC (%) 
Exp 1  179 157 (88%) 46 (29%) 22 (12%) 2 (9.1%) 
Exp 2  189 187 (99%) 40 (21%) 2 (1.1%) 0 
Exp 3  240 203 (85%) 16 (7.9%) 37 (15%) 1 (2.7%) 
Exp 4  180 170 (94%) 8 (4.7%) 10 (5.6%) 0 
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Table 3.8: GSC division in the testes 
Total number of testes with germline stem cell niches (GSCNs) having high Wolbachia 
infection (HN) and niches having low Wolbachia infection (LN) with corresponding 
number and percentage (in parenthesis) of dividing germline stem cells (GSCs). 
Percentage of GSCs dividing represents the ratio of dividing GSCs to the number of 
GSCNs analyzed. This analysis was performed by Michelle Toomey. 
 Number of Testes Number of GSC dividing (%) 
W+ (HN) 49 21 (43%) 
W+ (LN) 28 8 (29%) 
W-  30 8 (27%) 
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Table 3.9: Average number of ectopic germline cells (± stdv) per embryo 
The number of embryos analyzed for each developmental stage is displayed in 
parenthesis. 
 Developmental stage 
 
st14-17 st17 L1 L1-L2 
W-  3.9 ± 2.5 (13) 2.0 ± 1.7 (36) 0.80 ± 1.1 (40)  0.14 ± 0.38 (7) 
W+ 4.8 ± 3.1 (29) 2.4 ± 2.3 (34) 0.50 ± 0.67 (12) 0.88 ± 1.5 (8)  
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Table 3.10: Frequency of cleaved caspase-3 staining in germaria of Drosophila 
mauritiana 
The frequencies are listed as percentages of the PCD events per total number of 
germaria. The row W+/W- lists the fold change of each frequency between infected 
(W+, stock #1) and uninfected flies (W-, stock #4). In experiment 1 and 2 the 
frequencies of cleaved caspase-3 positive cells are significantly different (p < 0.05, 
chi-square test).  
 
Cleaved caspase-3  
single cells 
Cleaved caspase-3  
cluster of cells 
Experiment 1 November 2008 
W- (N = 199) 8.0% 1.5% 
W+ (N = 170) 13% 2.9% 
Fold change (W+/W-) 1.6 2.0 
Experiment 2 June 2009 
W- (N = 218) 2.2% 0% 
W+ (N = 199) 2.6% 6.5% 
Fold change (W+/W-) 1.2 n/a 
Experiment 3 July 2009 
W- (N = 147) 2.0% 10% 
W+ (N = 216) 0.93% 13% 
Fold change (W+/W-) 0.45 1.3 
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Chapter 4 
Rapid changes of Wolbachia effects on host fecundity in Drosophila mauritiana 
 
...no matter how many instances of white swans we may have observed,  
this does not justify the conclusion that all swans are white. 
Sir Karl Raimund Popper, The Logic of Scientific Discovery (1934) 
 
4.1 Introduction 
All multicellular organisms are evolving in the presence of microbial infections [reviewed 
by McFall-Ngai et al. (2013)]. Many invertebrates harbor microbes that have adapted the 
capability to be transmitted vertically through the host female germline, ensuring 
transmission across generations [reviewed by Bright and Bulgheresi (2010)]. Insects in 
particular have served as model organisms for the study of heritable symbionts and their 
effects on host evolution (Moran et al. 2008; Engelstädter and Hurst 2009). Several 
maternally inherited bacteria are known to influence reproduction of their insect host 
which ultimately facilitates their spread in nature (Jaenike et al. 2010; Himler et al. 2011). 
Wolbachia are one of the most successful bacteria modulating host reproduction 
because they are estimated to infect between 20% and 70% of arthropod species 
including insects (Jeyaprakash and Hoy 2000; Hilgenboecker et al. 2008; Werren et al. 
2008). Reproductive phenotypes elicited by Wolbachia comprise male killing, 
feminization, parthenogenesis and cytoplasmic incompatibility (CI) [reviewed by Werren 
et al. (2008)]. Wolbachia has also been described to affect egg production, a major 
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component of female reproductive fitness. In wasps and in certain Drosophila 
melanogaster mutants, removal of Wolbachia can lead to a severe reduction or complete 
interruption of oogenesis (Dedeine et al. 2001; Starr and Cline 2002; Ikeya et al. 2009). 
However, more commonly Wolbachia’s effects on egg production in most Drosophila and 
mosquito species are more variable. There are several contrasting reports of Wolbachia 
effects ranging from beneficial to mutualistic depending on different host-Wolbachia 
strain pair combination, in diverse species such as Drosophila simulans, melanogaster, 
mauritiana and the mosquitoe Culex pipiens (Giordano et al. 1995; Rasgon and Scott 
2003; Reynolds et al. 2003; Fry et al. 2004; Duron and Weill 2006; Carrington et al. 
2010; Glaser and Meola 2010; Almeida et al. 2011; Fast et al. 2011). Remarkably even 
within the same host strain fecundity effects can vary considerably both in the lab 
(Poinsot et al. 1998; McGraw et al. 2002) as well as in nature (Hoffmann et al. 1990; 
Olsen et al. 2001; Weeks et al. 2007). 
4.2 Wolbachia-induced fecundity gains are highly variable and can change 
over time 
We have previously investigated Wolbachia’s effect on fecundity over time in a Drosophila 
mauritiana stock (Dmau07init, stock #1, all the stocks utilized in this study are shown in 
Table 2.1 and 4.1). We reported approximately a four-fold difference in fecundity 
between Wolbachia infected flies (W+) and uninfected flies (W-). The initial uninfected 
line (W-bc1, stock #4) had been established from the infected stock Dmau07init via 
antibiotic treatment and subsequent backcrossing to infected males, ensuring a similar 
93 
 
 
genetic background [(Fast et al. 2011), Figure 4.1B]. The four-fold difference in egg 
production resulted from a drastic decrease in egg production of the uninfected stock. 
During routine fly husbandry and stock transfers, it was evident that the uninfected 
stock had lower fecundity and required closer attention. However, around 26 
generations after Wolbachia removal and backcrossing (Timeline: Figure 4.1A), the 
uninfected stock seemed to be as fecund as the infected stock. In light of previously 
mentioned reports of opposite and rapidly evolving effects of Wolbachia on host 
fecundity (Hoffmann et al. 1990; Poinsot et al. 1998; McGraw et al. 2002; Weeks et al. 
2007), we repeated our fecundity experiments as previously described (Fast et al. 2011). 
Surprisingly, in this new fecundity experiment, egg production of W+ females per day 
was on average only 84% (± 49%) of that of the non-infected stock (Figure 4.1D). 
Previously, because of large fecundity differences, the data was presented only as the 
cumulative sum of egg production per female over the total length of the experiment. 
Here we found that the moderate fold changes between W+ and W- can be obliterated 
by large daily fluctuations in total egg production affecting both stocks equally. We 
therefore found it more appropriate to also display our results as a fold change in egg 
production between W+ and W- on a per day basis, and only afterwards average these 
fold changes. 
Elegant studies of rapid changes of Wolbachia-driven phenotypes show that both 
Wolbachia polymorphism (Weeks et al. 2007) as well as host nuclear background 
(Charlat et al. 2007) can play a role during these shifts occurring over a surprisingly 
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short evolutionary time. Recent data has suggested that the Drosophila mauritiana 
genome is highly dynamic especially with respect to high levels of recombination 
occurring close to centromeric regions which is untypical in Drosophila melanogaster 
(Nolte et al. 2013). 
4.3 Host genetic background can influence Wolbachia subversion of 
fecundity 
To determine if it is the Drosophila mauritiana host nuclear genome that is under rapid 
selection, we therefore backcrossed the W-bc1 strain to W+ for three generations 
(Figure 4.1B). These successive backcrosses of uninfected females to males of the 
infected stock lead to a new stock (W-bc2) that was still uninfected, since Wolbachia is 
only passed through the female germline. However, due to recombination, genetically 
this stock was more equivalent to the infected stock Dmau07init (W+). Egg production 
experiments with the new W-bc2  stock showed that the infected stock did regain a 
significant fecundity advantage but only by 1.9 fold (± 1.2) (Figure 4.1E) which is less than 
the original four-fold difference. Backcrossing for two additional generations did not 
further increase this fold difference (data not shown). Although the fecundity difference 
was not fully rescued, we conclude that there may have been a substantial selection on 
host genome of the uninfected stock that gave rise to the variability between the first 
(Figure 4.1C) and the second fecundity experiment (Figure 4.1D). 
To map potential genetic loci involved in these fecundity dynamics, we started a series 
of single pair crosses to generate isogenized lines. We established several isofemale lines 
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(Dmau07iso) from our initial stock (Dmau07init, stock #1, Figure 4.1A) towards this 
goal. Unfortunately, due to a microbial contamination during these experiments, we lost 
all but one of the newly generated stocks (Figure 4.1A, Dmau07iso, stock #191), 
including the original Dmau07 stock (Dmau07init in red) and the W-bc2 stock. In addition 
the Dmau07init stock was no longer available from the original source (David Stern lab).  
Nevertheless, we still repeated the original experiment with the Dmau07iso line (W+, 
stock #191) comparing fecundity between the infected and a newly generated 
uninfected stock established from the Dmau07iso strain (W-, stock #250). In two 
independent replicates we observed only slight and in only one case significant 
upregulation of fecundity by Wolbachia (Table 4.1). With the goal of finding another 
comparable Drosophila mauritiana stock with a large, Wolbachia dependent, fecundity 
difference we acquired several publically available Drosophila mauritiana stocks from the 
San Diego stock center, generated uninfected lines as previously described [see 
Methods and (Fast et al. 2011)] and compared fecundity between infected and uninfected 
flies (Table 2.1 and 4.1). In all publically available Drosophila mauritiana stocks surveyed 
we found only moderate differences in fecundity with none of them being statistically 
significant.  
4.4 Consistent correlation of Wolbachia influence on GSC proliferation and 
PCD with egg output 
In Drosophila melanogaster it was shown that the number of eggs produced per female is 
determined by developmental events that occur during oogenesis. Specifically, 
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programmed cell death (PCD) is a major negative regulator and germline stem cell 
(GSC) division is a major positive regulator of egg production (Drummond-Barbosa and 
Spradling 2001). We and others (Pannebakker et al. 2007; Fast et al. 2011; Zhukova and 
Kiseleva 2012) have found that Wolbachia can alter PCD during insect oogenesis. 
Together with an upregulation of GSC division, this can drive an increase in egg 
production in infected flies [see solid arrows in Figure 4.2A, (Fast et al. 2011)]. 
Because we have since found that Wolbachia’s effect on fecundity is subject to a high 
degree of temporal and strain dependent variability, we now wanted to investigate how 
well various fold changes in fecundity between W+ and W- would correlate with 
Wolbachia’s influence on developmental events. The investigation was performed in the 
Dmau07iso stock since this was the only stock showing a statistically significant, 
Wolbachia dependent, change in fecundity. The same Dmau07iso females (W+: stock 
#191, W-: stock #250) from which egg laying had been assessed were dissected after 14 
days and analyzed for five developmental events (indicated by arrows in Figure 4.2A). As 
in previous work we determined GSC division and PCD in the germarium and at 
previtellogenic stages [stage 8 of oogenesis (Spradling 1993)] but we also accounted for 
two additional factors (Figure 4.2A, arrows containing asterisk). We occasionally also 
observed that females hold mature eggs in their abdomen instead of laying them (Figure 
4.2A and C open blue arrow with asterisk). After egg chambers have fully matured they 
complete a series of movements through the oviduct before they are fertilized and 
deposited on the egg substrate. Holding of mature eggs within flies reflects therefore a 
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mechanism of control by these later processes and affects the ultimate egg output 
(Wyman 1979; Bloch Qazi et al. 2003). In addition we observed a novel PCD checkpoint 
in egg chambers that were clearly more mature than in the germarium but had also not 
reached the well described previtellogenic checkpoint [(McCall 2004), Figure 4.2B, open 
red arrow containing asterisk]. 
As can be seen in Table 4.2 the average fold change (W+/W-) in egg production of the 
Dmau07iso stock is fairly comparable between the two time points. Yet, only in 
experiment #1 was this difference statistically significantly increased for W+ (P = 0.015, 
paired t-test). Interestingly, when assessing developmental events, also only experiment 
#1 showed a significant difference between W+ and W-. Similar to our previous 
findings, Wolbachia significantly increased the frequency of GSC division (P = 0.014, 
Student’s t-test) and significantly reduced PCD (P = 0.0014, Student’s t-test) in the 
germarium. In addition we also confirmed previous results that Wolbachia has no effect 
on PCD at previtellogenic stages (Fast et al. 2011). 
Previously PCD and GSC division were assessed in flies that were dissected after one 
day and the actual fecundity output was measured in sister flies (Fast et al. 2011). This 
specific time point was used to avoid potential feedback mechanisms present in older 
flies. To investigate how age affected our measurements we also dissected flies as 
previously at one day and analyzed fecundity relevant parameters (Table 4.2, experiment 
#3). With a large sample size (76 flies and 1713 germaria analyzed) we were able to 
confirm previous findings that PCD is significantly decreased by about one half in the 
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germarium of Wolbachia infected flies (Table 4.2). There also exists a slight but non-
significant increase of GSC division indicating that alteration of this developmental event 
might be subject to more variability.  
4.5 Discussion 
Oogenesis in Drosophila is an extremely metabolically demanding process and high 
reproductive capacity comes at a cost for the female (Smith 1958; Lamb 1964; Partridge 
et al. 1987). It is therefore not surprising that there exist a multitude of systemic and 
external regulatory inputs that control the ultimate egg output of flies. As an example, 
egg production can be most drastically lowered by 60-fold during nutritional restriction 
when yeast necessary for yolk production is withdrawn from the food. This change 
occurs within a day upon removal or addition of a protein source highlighting the 
remarkable responsiveness of this system to nutrient availability (Drummond-Barbosa 
and Spradling 2001). Previously, eliminating Wolbachia led to a 4-fold difference in egg 
production between infected and non-infected flies. We now report that this difference 
is not stable over time and that after 26 generations of performing the original 
experiments we detect a slight but statistically significant fecundity advantage in the non-
infected line. Backcrossing for three generations was able to partially restore this 
difference and we have evidence that further introgression does not further rescue the 
difference (data not shown). Since selection on the host nuclear genome only partially 
explains this change in fecundity difference, we also investigated non-genetic causes. 
Table 4.3 lists several factors that have been previously described to affect Drosophila 
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fecundity (Table 4.3, left two columns). We have tested several of those in Drosophila 
mauritiana including larval crowding (Table 4.4), dietary restriction (Table 4.5), and the 
microbiota (Figure 4.3). According to our experiments we have only found a mild effect 
of the microbiota on Drosophila mauritiana fecundity (section 4.6.1) that still awaits 
further confirmation. 
Fecundity being an obvious part of host fitness led to it to be included in numerous 
studies assessing Wolbachia effects on Drosophila reproduction (Hoffmann and Turelli 
1988; Hoffmann et al. 1990; Giordano et al. 1995; Bourtzis et al. 1996; Poinsot et al. 
1998; Snook et al. 2000; Olsen et al. 2001; McGraw et al. 2002; Reynolds et al. 2003; 
Montenegro et al. 2006; Weeks et al. 2007; Brownlie et al. 2009; Carrington et al. 2010; 
Miller et al. 2010). However, there exist countless different methodologies and 
conditions to assess egg output. These can render it difficult to compare between 
studies and potentially repeat them in a different lab environment. However it has been 
clear that host genetic background has a significant effect on Drosophila egg production 
and needs to be carefully controlled for (Bordenstein and Werren 2000; Reynolds et al. 
2003; Carrington et al. 2010). Backcrossing lines immediately before performing 
fecundity experiments are a way to ensure equivalent host genetic makeup between 
infected and uninfected lines.  
Most of the work on Drosophila fecundity has been conducted in Drosophila melanogaster 
as the premier model organism for the Drosophila genus. Because of the relatedness of 
Drosophila melanogaster and mauritiana in both molecular and behavioral terms (Lachaise 
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et al. 1988) we deemed it appropriate to extrapolate findings from one species to the 
other. Recent reports however indicate that in contrast to Drosophila melanogaster the 
Drosophila mauritiana genome is more dynamic with large selective sweeps indicating 
ongoing genomic conflict (Nolte et al. 2013). Genomic conflict between selfish elements 
and other genetic elements in the genome has been proposed as a driver for 
evolutionary change (Werren 2011). We therefore speculate this to be the mechanism 
for both the high degree in temporal and strain dependent variability of Drosophila 
mauritiana fecundity. The fact that the uninfected Drosophila mauritiana strain was able to 
recover from the initial severe reduction in fecundity might actually indicate a novel 
instance indicating rapid evolution upon the removal (and not introduction) of a 
symbiont. Traditionally, Wolbachia’s effect on host reproduction is either classified as 
facultative/parasitic or obligate/mutualistic [reviewed by Mercot and Poinsot (2009)]. 
Work presented here adds to studies (Weeks et al. 2007) showing transitions or 
intermediate stages between these two categories.  
Fecundity is only one part of female fitness that comprises other factors such as 
longevity, egg hatch rate and larval viability. Focusing on fecundity offers us the 
opportunity to benefit from a vast oogenesis literature spanning from an organismal to a 
molecular scale. The processes that control the development from a germline stem cell 
to a mature egg are under intense investigation. This solid foundation of the anatomy 
and physiology of the Drosophila ovary allowed us to identify the cellular processes 
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altered by Wolbachia and opened new venues towards a molecular understanding of 
Wolbachia – host interactions.  
Despite the changes in fecundity reported here we were still able to confirm previous 
findings linking Wolbachia induced changes on a cellular/developmental and 
organismal/physiological (egg output) scale. Although the fold change in fecundity is not 
as large in the new stock (Dmau07iso, #191) as we observed in the stock that we lost 
(in Dmau07init, #1), we were still able to match the frequency of developmental events 
to egg output. When egg production was significantly increased by Wolbachia we also 
observed a slight but significant increase in GSC division and a significant decrease in 
PCD in the germarium. Even though the fold changes in this case do not add up as 
perfectly as in the previous case, the general trends are in agreement.  
It is uncontested that Wolbachia induced changes in reproduction are subject to a high 
degree of temporal and host nuclear background dependent variability. The exact 
conditions by which Wolbachia infection can lead to large changes in egg output still 
remain to be determined. However, our data indicate that in the Drosophila mauritiana 
system differences in fecundity in infected flies are mirrored by a varying influence of 
Wolbachia on these key developmental events, proliferation of stem cells and 
programmed cell death during oogenesis.  
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4.6 Appendix 
4.6.1 The microbiota differs between infected and uninfected Drosophila 
mauritiana stocks and affects fecundity 
During several fecundity experiments with different Drosophila mauritiana stocks (#191 
vs. #250, #27 vs. #29) we noticed that the color of the grape juice plates from which we 
were counting the eggs showed different colors between W- and W+ stocks 
(Figure 4.3). Since grape juice can serve as an indicator this implies that the pH of the 
plates was different between these two stocks. We hypothesized that commensal 
bacteria might contribute metabolites that could lead to this different pH. Interestingly, 
when culturing bacteria present on Drosophila mauritiana flies and Drosophila mauritiana 
food we were able to consistently (3 biological replicates) identify Acetobacter aceti 
(16S sequence, see Methods) being present in W- flies (stock #250) and food but not in 
W+ flies (stock #191). The absence of Acetobacter aceti from W+ flies and food was 
further confirmed by PCR with Acetobacter aceti specific primers (three biological 
replicates). DNA was extracted from W+ (#191) and W- (#250) flies at three distinct 
time points between January 2012 and February 2013 and Acetobacter was always absent 
from the infected stock. In addition it was also confirmed that the original W+ stock 
(#1) did not have Acetobacter whereas the corresponding W- stock (#4) did. 
This led us to speculate that Wolbachia infected flies might be associated with a different 
microbiota which could give rise to the variability in fecundity that we were observing. 
In termites as well as Drosophila it has been shown that changes in the gut microbiota 
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can have a profound impact on fecundity (Sang and King 1961; Sang 1962; Rosengaus et 
al. 2011). Therefore we next wanted to investigate how a potentially different 
microbiota can affect the fecundity of W+ and W- flies. Since we did not know the full 
composition of microbiota, we decided to use fly food that had been exposed to either 
W+ or W- flies as a source for bacteria that might preferentially be associated with each 
stock. For example, for Acetobacter aceti we were able to show previously that it can be 
both isolated from W- food as well as whole flies but not from either flies or food 
associated with W+. First, bleach dechorionated (therefore sterilized) embryos were 
placed on either autologous (W+ embryos on W+ food, W- embryos on W- food) or 
heterologous food (W+ embryos on W- food, W- embryos on W+ food). After 
development to adulthood these flies were assessed for fecundity. Egg production per 
female was counted every day and fold change within the same stock (either W+ or 
W-) was compared between autologous and heterologous food (Figure 4.3C). Wolbachia 
infected flies seeded on autologous food had a statistically significant advantage (P = 2.3 
x 10-3, Paired t-test,) of 1.4 fold (± 0.4) over W+ flies seeded on heterologous food. 
Interestingly, this difference did not exist for W- flies (1.1 fold ± 0.4, P = 0.57, Paired 
t-test). Since we had previously observed that W- food and flies were specifically 
colonized by Acetobacter aceti we wanted to investigate if these bacteria are sufficient to 
induce the effect we observed when seeding with filtered food. We therefore 
performed an experiment where we placed sterilized W+ and W- embryos on food that 
was seeded with either Acetobacter aceti or water only. Interestingly, we could 
reproduce the same trend as with the whole filtered food. W+ had a significantly lower 
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fecundity when seeded with Acetobacter aceti than with food that was seeded with 
sdH2O only. Since Acetobacter aceti is normally not associated with Wolbachia-infected 
Drosophila mauritiana, Acetobacter aceti seeded food is somewhat analogous to 
heterologous food. Wolbachia infected females seeded on control food laid on average 
1.5 fold (±0.5, P = 4.1 x 10-4, Paired t-test) more eggs per day than W+ females that had 
been raised in the presence of Acetobacter aceti (Figure 4.3D). In contrast W- flies 
seeded on Acetobacter aceti had a non-significant effect on the egg production of these 
flies (0.9 fold ± 0.3, P = 0.15, Paired t-test). 
4.6.2 Consistent infection of the germline stem cell niche in several 
Drosophila mauritiana stocks but variable effect on GSC division 
Several Drosophila mauritiana strains were not only surveyed for Wolbachia induced 
changes in fecundity (Table 4.1) but also the frequency and pattern of GSCN infection as 
well as the correlation of GSCN infection and GSC division was assessed. Specifically, 
three different Drosophila mauritiana stocks, Dmau07iso (stock #191), Dmau01 (stock 
#177) and Dmauf2 (stock #30) obtained from different sources (see Table 2.1) and 
potentially containing different Wolbachia strains were used.  
The goal was to further investigate our previously proposed mechanism of Wolbachia 
dependent upregulation of GSC division through niche infection (Figure 3.9). We 
reasoned that from the results we could distinguish between two models of how 
Wolbachia upregulated GSC division via the niche. First, if there is a strict correlation 
between Wolbachia niche occupancy and upregulation of GSC division irrespective of 
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Wolbachia strain and Drosophila stock, this would point to an unspecific mechanism 
elicited simply by Wolbachia accumulation in niche cells. In contrast, if the phenomenon 
was not universally applicable, this would suggest a more specific interaction between 
Wolbachia strain type and host cells.  
We observed different types of niche infection in all three stocks. In “fully infected” 
(Figure 4.4A) Wolbachia occupies all of the niche cells; in “partially infected” (Figure 
4.4B) some but not all cells are infected; in “only cap infected” (Figure 4.4C) only the 
cap cells but not the cells of the terminal filament are infected; and in “not infected 
(LN)” (Figure 4.4D) levels of Wolbachia are very low or absent in the niche cells. In 
previous studies (Chapter 3) we classified the fourth category LN, for low/absent levels 
of Wolbachia in the niche and the other three categories as HN for high niche infection. 
In Figure 4.4E the distribution of Wolbachia infection in these categories is shown. For all 
three stocks the fully infected category is the most frequently occurring one, 
strengthening previous findings [(Toomey et al. 2013) and chapter 3] that GSCN 
occupancy is a very consistent and frequent phenomenon in the Drosophila mauritiana 
species. Interestingly, although the overall distribution appeared fairly similar, the #191 
stock had the most differences compared to the other two stocks. Stock #191 displayed 
a statistically different frequency (Student’s t-test, P < 0.05) in two categories compared 
to stock #177 and in one category compared to stock #30 (Figure 4.4E, asterisk). 
Conversely, the distribution between stock #177 and #30 were not statistically 
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different. This suggests that stock #191 and #177 might contain a different Wolbachia 
strain.  
Figure 4.4F shows the proportion of GSCs dividing present in different categories of 
niche infection. In all three Drosophila mauritiana stocks (D.mau f2 #30, D.mau01 #177, 
Dmau07 #191) there was no significant difference (by logistic regression) in GSC 
division (analyzed by pH3) between HN and LN niches. In the f2 #30 stock, the 
difference between fully infected niches and LN was barely statistically significant 
(P = 0.044) but in the other two stocks it was not. This suggests that in these Drosophila 
mauritiana stocks, Wolbachia does not upregulate GSC division via niche occupancy. 
Therefore in light of our previous findings we favor a model where Wolbachia can 
specifically upregulate GSC division through the niche in some cases but it is not a 
widespread phenomenon elicited simply by Wolbachia infection of niche cells.  
4.6.3 Appendix discussion 
Wolbachia’s modulation of fecundity is highly dynamic and likely influenced by several 
non-genetic factors. At this point we have preliminary evidence that the association with 
a changing microbiota could be partially responsible for this variability. Specifically our 
results indicate that egg production in Wolbachia infected but not uninfected flies 
responds more sensitively to exposure to a different microbiota. We have identified 
Acetobacter aceti to be sufficient to induce this phenotype. In Wolbachia infected 
Drosophila mauritiana stocks, Acetobacter aceti is absent. These findings open the avenue 
for several questions that will need to be addressed in future studies. 
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1) How is Acetobacter aceti being introduced into uninfected flies, since these stocks 
are established by antibiotic treatment from Wolbachia infected stocks? 
2) Is Wolbachia actively selecting for or against a specific microbiota and what are 
the mechanisms for selection? 
3) What is the biological relevance for this selection and do these findings in 
Drosophila potentially have wider implications?  
Like all multicellular organisms Drosophila are colonized by bacteria and viruses on 
surfaces that are exposed to the environment. In Drosophila, microorganisms in the gut 
were shown to have an effect on growth (Shin et al. 2011; Storelli et al. 2011), lifespan 
(Brummel et al. 2004; Ren et al. 2007) and mate choice [(Sharon et al. 2010), reviewed 
by Erkosar et al. (2013)]. Interestingly, an Acetobacter has been linked to insulin signalling 
in promoting Drosophila promoting larval growth (Shin et al. 2011). Also, a link between 
Wolbachia and insulin signalling has been previously described (Ikeya et al. 2009). 
Although only speculative, the mutual exclusion of Acetobacter aceti and Wolbachia could 
be related to insulin signalling.  
Another possibility is that the oxygenic environment in Wolbachia infected flies is not 
permissible for the growth of Acetobacter aceti. Wolbachia infection is thought to lead to 
an increased production of reactive oxygen species (ROS) which in turn stimulates the 
expression of both Wolbachia and host antioxidant enzymes (Brennan et al. 2008; 
Kremer et al. 2009; Brennan et al. 2012). Reactive oxygen species are also the major 
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mechanism to control bacteria colonizing the Drosophila gut (Ha et al. 2005). It is 
possible that Acetobacter aceti is unable to persist in an environment with increased ROS.  
Flies are not only colonized by bacteria but also viruses and yeast. There exist now 
numerous reports showing how Wolbachia can modulate host immunity (Kambris et al. 
2009; Moreira et al. 2009; Bian et al. 2010; Glaser and Meola 2010; Kambris et al. 2010; 
Hughes et al. 2011) and this was first shown for Drosophila RNA-Viruses (Hedges et al. 
2008; Teixeira et al. 2008). Although the specific mechanism has yet to be determined, it 
is plausible that an alteration in systemic immunity also affects commensal 
microorganisms that colonize the exterior surface and gut of the fly. Yeast, as another 
non-bacterial microorganism, is an important protein source for Drosophila. The field is 
only beginning to understand the complexities that underlie specific yeast types, diet and 
host genotypes (Chandler et al. 2012). A combination of different microbes including 
Wolbachia influencing the nutrients and systemic hormones present in the fly could thus 
play a role as a non-genetic factor influencing fecundity. Additional approaches would 
include study of Wolbachia effects on fecundity in the absence of a microbiota in axenic 
(= sterile) conditions. To gain insight into the full complexity of these ecosystem-like 
metabolic dependencies, some systems biology modelling approach might be required 
(Klitgord and Segre 2011). 
As discussed in chapter 3, systemic factors such as insulin could have an effect on the 
regulation of GSC division. In chapter 3 our data suggested that GSC division was 
regulated via Wolbachia presence in the niche in the Dmau07init (stock #1) strain. When 
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we repeated this experiment in different Drosophila mauritiana strains, however the fold 
change in GSC division frequency between HN and LN niches was not as large as 
observed before and was only statistically significant for one Drosophila mauritiana stock 
(#30). There was no statistically significant effect of Wolbachia infection in the GSCN on 
GSC division in the Dmau07iso (#191) stock. An easy explanation would be that the 
Wolbachia strains contained in all of these strains are different and only one of them was 
able to elicit the above described phenotype. It has been shown before that multiple 
Wolbachia strains can infect a particular host which can be separated by crossing 
(Merçot et al. 1995; Rousset and Solignac 1995). It is therefore possible that the 
Dmau07iso (#191) stock contains a different Wolbachia strain than the Dmau07init (#1) 
stock from which it was established by a single pair mating. Furthermore it is possible 
that the regulation of stem cell division by Wolbachia is only possible in a particular 
genetic background that was selected against through the single pair cross.  
Previous studies in our lab (not shown here, Barrett Steinberg) suggest that different 
Drosophila mauritiana strains contain different Wolbachia strains. Through introgression 
crosses it was found that maternally inherited components (including Wolbachia) of one 
strain (#1) but not another strain (#24) enhanced fecundity in the same nuclear genetic 
background (#24). Some Drosophila mauritiana strains have also been found to exhibit 
mitochondrial heteroplasmy (Solignac et al. 1983; Nunes et al. 2008). It remains to be 
determined if Drosophila mauritiana stocks present in our lab do indeed contain different 
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Wolbachia strains or mitochondrial haplotypes and how this influences the phenotypic 
differences between different Drosophila mauritiana strains.  
An alternative explanation for the results of Figure 4.4 would be that Wolbachia is still 
able to regulate GSC division through the niche but only in a certain, “permissible” 
systemic environment. It has been shown before that even the germline stem cell niche 
and potentially its effect on GSC division is subject to systemic regulation (Hsu and 
Drummond-Barbosa 2009). As eluded to in chapter 3, the two Models presented in 
Figure 3.11D might not be mutually exclusive but together regulate GSC division. A 
similar observation has been also made in the Drosophila melanogaster testis (Michelle 
Toomey, unpublished data). 
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Figure 4.1: Wolbachia-induced increase in host fecundity changes over time 
and backcrossing can partially restore the difference 
Timeline of Experiments (A), indicating when backcrossing experiments (B) and when 
fecundity experiments were performed (C-E). Lost stock Dmau07init is indicated in red. 
C-E: Per day fold change (egg production per female W+/egg production per female 
W-) of fecundity over 14 days. All differences in egg production/female/day in are 
statistically significant between W+ and W- (P < 0.05, paired t-test). C and D are 
fecundity counts comparing the infected Dmau07init stock (W+) to the first 
antibiotically treated and backcrossed uninfected line (W-bc1). E: Comparison of 
fecundity in Dmauinit (W+) and the newly backcrossed uninfected line (W-bc2).  
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Figure 4.2: Three types of developmental events controlling egg laying in 
Drosophila mauritiana 
A: Diagram of an ovary made up of ovarioles which each represent egg assembly lines. 
Arrows point at different developmental events that can regulate egg output of flies 
Development starts at the anterior tip (left) with the division of the germline stem cell 
(GSC) in the germarium. GSC division is a positive regulator of egg production (green 
upward pointing arrow). Egg production can be negatively regulated by programmed cell 
death at three stages (red downward pointing arrows). In this study Wolbachia infection 
can significantly interfere with events indicated by a full arrow (see text for details) and 
events not significantly affected are shown with an open arrow. Events not been 
previously assessed for Wolbachia dependent influence on egg laying are indicated with 
an asterisk. Egg holding also negatively affects egg output (blue downward pointing 
arrow). B: Previously not described programmed cell death checkpoint occurring in 
early egg chambers, between stages 3 and 5 (“early PCD”, fragmented DNA via TUNEL 
staining in green and condensed DNA via bright Hoechst staining in red) is indicated 
with an empty red arrow containing an asterisk. C: Top down view of an ovary 
containing numerous mature eggs. Holding of eggs in the abdomen instead of depositing 
them on the agar can negatively affect the egg output that is attributed to each fly (blue 
arrow in A). Arrows point at one ovariole holding at least 4 mature eggs. 
Scale bar = 0.5mm. 
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Figure 4.2: Three types of developmental events controlling egg laying in 
Drosophila mauritiana 
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Figure 4.3: Effect of microbiota on fecundity in Drosophila mauritiana 
A: Grapejuice can serve as a pH indicator as shown by addition of acid (HCl) or base 
(NaOH) to an otherwise unexposed plate. Representative fecundity plates that were 
either exposed to W- (stock #250, bottom left) which is acidic compared to W+ (stock 
#191) plate (bottom right). B: Several replicas of one fecundity experiment indicating 
that the plate color change is consistent. C: Wolbachia infected females lay more eggs 
when raised on autologous food. Fold change of average egg production per female for 
11 consecutive days between females (W+ green, W- yellow) raised on either 
autologous or heterologous food. D: Acetobacter aceti is sufficient to decrease average 
egg production per female in Wolbachia infected flies. Fold change of average egg 
production per female for 12 consecutive days between females (W+ green, W- yellow) 
raised on either food seeded with Acetobacter aceti or control food seeded with water 
only.  
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Figure 4.4: Different Wolbachia strains of Drosophila mauritiana infect the 
niche in different densities but with no significant effect on germline stem 
cell division 
A-C: Different categories of niche infection from fully infected (A) to not infected (LN, 
D).  Infected (yellow) and uninfected (blue) terminal filament or cap cells are indicated 
with arrowheads. E: relative frequencies of niche infection categories for three different 
stocks investigated. F: Percentage of GSC division adjacent to these niches. 3 biological 
replicates per stock, around 10 flies per experiment N (#30 Dmauf2) = 797 germaria, N 
(#177 Dmau01) = 642 germaria, N (#191, Dmau07iso) = 536 germaria. Stars denotes 
statistically significant differences in E (paired t-test, P < 0.05) and F (logistic regression, 
P < 0.05). Note: One of the replicates in LN has no GSC division (0%), hence the large 
error bar. Logistic regression controls for this experimental variation. 
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Figure 4.4: Different Wolbachia strains of Drosophila mauritiana infect the 
niche in different densities but with no significant effect on germline stem 
cell division 
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Table 4.1: Average fold difference (± stdv) in egg production per female for 
different Drosophila mauritiana strains 
Uninfected lines (W-) were generated as previously described (Methods) and egg 
production was compared shortly after W- lines were generated. Average fold change 
or AFC (W+/W-) of egg production per female over about 14 days. N = 30 flies per 
experiment, all experiments besides Dmau07init and Dmau07iso were performed only 
once. Significant P values (paired t-test, P < 0.05) are indicated in bold.  
Stocks Source Current status 
AFC Fecundity 
experiment 1 
AFC Fecundity 
experiment 2 
Dmau07init 
stock #1 
David Stern lab lost 4.4 ± 3.2 4.3 ± 2.5 
Dmau07iso 
stock #191 
David Stern lab in lab 1.2 ± 0.21 1.2 ± 0.31 
Dmau 01 
stock #24 
San Diego stock 
center (Dmau WT 
14021-0241.01) 
in lab and stock 
center 
1.7 ± 3.9  
Dmau f2 
stock #30 
San Diego stock 
center (Dmau\f[2] 
14021-0241.22) 
in lab and stock 
center 
1.1 ± 0.72  
Dmau07SD 
stock #27 
San Diego stock 
center (Dmau WT 
14021-0241.07) 
lost 2x in lab, no 
longer present in 
stock center 
(last checked 
5/20/13) 
1.1 ± 0.48  
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Table 4.2: Correlation of egg production and developmental events in 
Dmau07iso stock 
Average fold change (W+/W-) or AFC (± stdv) of fecundity and average fold change (± 
stdv) of the frequency of developmental events (markers in parenthesis). Statistically 
significant (Student’s t-test/logistic regression, P < 0.05) events are written in bold.  
 experiment #1 experiment #2 experiment #3 
Age at dissection (days) 14 14 1 
N (flies analyzed) 30 30 76 
N (germaria analyzed) 662 615 1713 
AFC Fecundity 1.2  ± 0.22 1.2  ± 0.31 n/a 
AFC GSC division 
(phospho-histone 3) 
1.3 1.0 
1.2 ± 0.42 
(3 replicates) 
AFC PCD in germarium 
(TUNEL) 
0.51 3.1  
0.46 ± 0.34  
(3 replicates) 
AFC early PCD 
(DNA morphology) 
0.043 1.5 n/a 
AFC previtellogenic PCD 
(DNA morphology) 
1.1 1.2  n/a 
AFC Egg holding 0.87 0.51 n/a 
 
  
119 
 
 
Table 4.3: Factors influencing Drosophila fecundity and Wolbachia 
involvement 
Factors known to 
affect Drosophila 
egg deposition 
References 
Wolbachia influence 
on this factor 
Reference 
Fly dependent 
Larval crowding 
(affecting adult size) 
(Robertson and Sang 
1944; Chiang and 
Hodson 1950; Lints 
and Lints 1969; Roper 
et al. 1996) 
no (larval crowding), 
influence on adult size 
not assessed 
our lab (Table 4.4) 
and (Montenegro 
et al. 2006) – 
assessed eclosing 
adults not laid eggs 
Male effect 
(with and without 
mating) 
with mating (Wolfner 
1997) without mating 
(Hoffmann and 
Harshman 1985) 
varying: 
there is an effect of 
Wolbachia infection in 
males if females are 
infected with wRI 
(Drosophila simulans) 
effect of wMel but 
depends on host 
genetic background 
(Snook et al. 2000) 
(Fry et al. 2004) 
Presence of other 
individuals  
(Hanson and Ferris 
1929; Pearl 1932; 
Mueller 1988) 
elicits nutritional 
restriction 
(Robertson and Sang 
1944) and might be 
species dependent 
(Sameoto and Miller 
1966) 
to be determined 
(tbd) 
 
Host genotype/strain 
(Wentworth 1913; 
Gowen and Johnson 
1946) 
yes 
Our lab (Table 4.1), 
(Olsen et al. 2001), 
(Reynolds et al. 
2003) 
Nutrition related 
Water (varying effect) 
(Bass et al. 2007; Ja et 
al. 2009) 
tbd  
Succrose 
concentration in food 
(Mickey et al. 1941; 
Bass et al. 2007) 
tbd  
Agar concentration 
(Mickey et al. 1941; 
Bass et al. 2007) 
tbd  
Yeast type 
(Robertson and Sang 
1944) (Bass et al. 
2007) 
tbd  
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Factors known to 
affect Drosophila 
egg deposition 
References 
Wolbachia influence 
on this factor 
Reference 
Nutrition related cont’ 
Food additives (Mickey et al. 1941) yes on iron 
(Brownlie et al. 
2009) 
Dietary (protein) 
restriction 
(King 1970; Bownes 
and Blair 1986; 
Drummond-Barbosa 
and Spradling 2001; 
Ashburner et al. 2005) 
(Sang and King 1961) 
variable results our lab (Table 4.5)  
General environment 
Temperature 
(Kaliss and Graubard 
1936; Harries 1939; 
Ashburner et al. 2005) 
no effect of Wolbachia 
in lab  
Our lab (Fast et al. 
2011), (Reynolds et 
al. 2003) 
Humidity 
(Bodenheimer 1938; 
Ashburner et al. 2005) 
no effect of Wolbachia 
in lab 
Our lab (Fast et al. 
2011) 
Circadian rhythm 
(Ashburner et al. 
2005; Howlader and 
Sharma 2006)  
probably no effect of 
Wolbachia 
(photoperiod in March 
and June is different – 
same fold change) 
Our lab (Fast et al. 
2011) 
Field conditions vs lab 
varying: 
same trend 
(Hoffmann et al. 
2003), different trend 
(Boulétreau 1978) 
some Wolbachia 
dependent effect 
(Olsen et al. 2001) 
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Table 4.4: Effect of larval crowding on Drosophila mauritiana fecundity 
Average egg production per female of Drosophila mauritiana ± standard deviation in 
Wolbachia infected females (W+, stock #188) and non-infected females (W-, stock 
#236) over 10 days. 10 or 100 larvae were raised in approx. 10 ml of standard food and 
adults were assessed for fecundity. None of the differences between W+ and W- were 
statistically different (Student’s t-test, P > 0.05). 
 
number of eggs 
Fold difference (W+/W-) 
W+ W- 
10 larvae/10 ml food 280 ± 47 306 ± 14 0.92 
100 larvae/10 ml food 248 ± 72 270 ± 11 0.92 
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Table 4.5: Effect of nutritional restriction on Drosophila mauritiana fecundity 
Average (mean) egg production per female ± standard deviation in Wolbachia infected 
flies (W+, stock #1) and non-infected flies (W-, stock #4) over 8 days. None of the 
differences between W+ and W- were statistically different (Student’s t-test, P > 0.05) 
 
number of eggs 
Fold difference (W+/W-) 
W+ W- 
March 2008 1.4 ± 0.20 2.7 ± 0.92 0.51 
July 2009 4.5 ± 3.3 4.0 ± 2.5 1.1 
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Chapter 5 
Developmental kinetics of Wolbachia’s targeting of the germline stem cell 
niche 
Portions of the chapter (Figure 5.13) were previously published in (Toomey et al. 2013). 
 
5.1 Introduction 
Most microbial infections are characterized by a so called tropism, a tendency to 
accumulate in specific host cells. Much is known about how targeting works for disease 
causing microorganisms because tropism forms an intricate part of pathogenesis and 
transmission (Yanagi et al. 2006; Nunes and Scherf 2007; McFadden et al. 2009; Lemichez 
et al. 2010; Duncan and Sattentau 2011; Bierne and Cossart 2012; Kuiken et al. 2012). 
Over the last decade it has become clear that beneficial or mutualistic bacteria also have 
a profound effect on the physiology and health of all multicellular organisms (McFall-Ngai 
et al. 2013). Many of these beneficial bacteria form long term infections in the host, 
tightly coordinating their behavior to host developmental processes and even coevolving 
with the host (Ley et al. 2006; Dethlefsen et al. 2007; Xu et al. 2007; Moran et al. 2008; 
Lee and Mazmanian 2010). Little is known about the mechanism of cellular tropism for 
these bacteria. Insects present themselves as model organisms for the study of long 
term bacterial infection because they frequently contain a specific class of bacteria which 
are passed on maternally through the female germline. In some cases, when these 
bacteria form an obligate endosymbiotic association, their insect host contains a 
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bacteriome, a specific host organ made up of bacteriocytes. These cells are dedicated to 
the maintenance of bacteria from which essential nutritional supplements produced by 
the bacteria can be derived (Baumann 2005). It has been shown that the bacteriome can 
also become important for transmission into the next generation (Buchner 1965; Koga 
et al. 2012; Baumann et al. 2013). Less is known about the mechanisms of cellular 
accumulation in insects that do not contain a specific organ dedicated to bacterial 
maintenance and transmission.  
Here we use the Wolbachia – insect host association as a model for the study of 
facultative symbiotic bacteria believed to display a broad cellular tropism (Koga et al. 
2012). Wolbachia are obligate intracellular bacteria that are widespread in nature, with 
near perfect mother to offspring transmission, that can be bacteriome associated but 
are also found in other cell types including stem cell niches. (Frydman et al. 2006; 
Werren et al. 2008; Toomey et al. 2013). We want to elucidate how Wolbachia form 
high levels in the stem cell niches of the Drosophila ovary, a cell type that we have 
previously shown to play an important role in Wolbachia biology. Wolbachia targeting of 
stem cell niches in the ovary is both highly conserved across the Drosophila genus and 
potentially in other insects as well (Hosokawa et al. 2010; Sacchi et al. 2010; Toomey et 
al. 2013, and chapter 3). We also have data that suggest that stem cell niches might play 
a role both in vertical and horizontal transmission of Wolbachia (Frydman et al. 2006). In 
addition infection of Wolbachia in the niche can play a role in regulating GSC division 
[Chapter 3 and 4, (Fast et al. 2011)]. 
125 
 
 
The adult ovary contains two types of stem cell niches maintaining stem cell populations 
whose progeny are both essential for egg production (Figure 5.1B). The somatic stem 
cell niche (SSCN) maintains the somatic stem cell whose daughter cells will give rise to 
the outer layer of the developing egg. The nature of the somatic stem cell niche remains 
rather elusive at this point and not much is known about its development. The germline 
stem cell niche is the better studied, cellular niche that is specified during third larval 
instar stage. It is thought to arise from 3-5 progenitors which divide and sort into 
polyclonal stacks of 8-10 cells [each stack can contain progeny of multiple lineages (King 
et al. 1968; Godt and Laski 1995; Sahut-Barnola et al. 1995)]. This process is completed 
at the onset of pupation and these niche cells are the first cell type that terminally 
differentiates in the larval ovary. The germline stem cell niche consists of two major cell 
populations (Schematic in Figure 5.1B). Cap cells are in direct contact with the germline 
stem cells through an interface that is enriched in adherens junctions (Song et al. 2002). 
The other cell population forms the terminal filament, which although not in direct 
contact with the stem cells, can still influence their behavior through release of growth 
factors (Xie and Spradling 1998; Cox et al. 2000; King et al. 2001). During development 
the terminal filament cells differentiate first, forming the above mentioned stacks and 
will further instruct the formation of the cap cells from the same lineage (Godt and 
Laski 1995; Zhu and Xie 2003; Song et al. 2007). Since the terminal filament 
differentiates earlier and is easier to identify, for the purpose of this chapter “niche” 
refers to stacks of terminal filament cells and “niche cells” indicates individual terminal 
filament cells.  
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Here we investigate the specific mechanisms that give rise to Wolbachia accumulation in 
the germline stem cell niche. We determined Wolbachia concentration throughout 
development in two different Drosophila species and found that Wolbachia coordinates 
their cellular accumulation with host cell differentiation. Furthermore, our data suggest 
that Wolbachia coordinate their replication with niche cell differentiation specifically by 
being tethered close to enriched adherens junctions.  
5.2 Wolbachia accumulate in the niche of Drosophila mauritiana as it 
differentiates 
To investigate the mechanism by which Wolbachia accumulate in the niche we 
performed a survey across several developmental stages. We confirmed our previous 
studies [Chapter 3, (Fast et al. 2011)] that in newly eclosed adult Drosophila mauritiana 
over 90% of germaria have a Wolbachia infected niche and the Wolbachia titer within 
these cells is very high. (Figure 5.2D’). Next we investigated Wolbachia infection in 
niches in preadult development (schematic of Drosophila development Figure 5.1A, 
timepoints analyzed indicated with arrows). The progenitors of the niches are specified 
around L2 and complete differentiation before the onset of pupation (Figure 5.2A-C). 
The first time niche that cells can be clearly identified because of their flat, disk like 
DNA morphology (Figure 5.2B, orange arrow) is during mid-L3 development. We 
assessed Wolbachia concentration in the developing larval ovaries (Figure 5.2A’-C’). By 
late L3 Wolbachia infects these newly differentiated stacks of niche cells already in a 
similar frequency (Figure 5.2C’, 96% ± 8.9, N = 5 ovaries) as in the adult. In addition 
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Wolbachia density in the niche is significantly increased compared to surrounding soma 
(Figure 5.2C’, 1.8 ± 0.32 fold higher, N = 13 ovaries, P < 0.01, Student’s t-test). To 
confirm these findings we also assessed Wolbachia presence in the niche during early 
(Figure 5.1C) and late (Figure 5.1.D) pupal stages. During pupal development, the 
frequencies of niches targeted per ovary closely matched larval and adult stages (Figure 
5.1C-D, niche targeting 98% ± 5.8, N = 7 ovaries). These results show that Wolbachia is 
present in the niche only shortly after differentiation is completed in frequencies 
equivalent to developmentally more mature stages (Figure 5.2D’ and Figure 5.1C and D) 
In addition, at the end of L3 larval development, Wolbachia densities are also significantly 
higher in the niche compared surrounding somatic tissue.  
5.3 Wolbachia preferentially replicate in developing niche cells and are not 
frequently transmitted between cells in Drosophila mauritiana  
Next we wanted to investigate the mechanism of accumulation of Wolbachia in niche 
cells. Specifically, we hypothesized two models. Model one would be preferential 
transmission of Wolbachia into niche cells during differentiation. Model two would be 
preferential replication of Wolbachia in niche cells compared to surrounding cells. To 
distinguish between these two models we measured dividing Wolbachia inside and 
outside the niche cells. We quantified the distribution of FtsZ, a bacterial cell cycle 
dependent protein, located at the septum of dividing bacteria. This method has been 
used before to assess the proportion of dividing bacteria, including Wolbachia (Weart 
and Levin 2003; Landmann et al. 2012; Serbus et al. 2012). By combining a cytoplasmic 
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Wolbachia marker (HSP 60) with a Wolbachia FtsZ antibody we could assess the fraction 
of dividing Wolbachia versus total Wolbachia (schematic Figure 5.3A, see Methods). In 
synchronized L3 larval ovaries, we first identified niches based on DNA morphology 
(Figure 5.3B’). We then compared the proportion of dividing Wolbachia in the niches 
(outlined in yellow) to the surrounding soma (outlined in pink). Specifically, we counted 
the number of dividing Wolbachia (schematic Figure 5.3A and A”) and non-dividing 
Wolbachia (schematic Figure 5.3A and A’). We determined that on average the 
proportion of dividing Wolbachia inside niche cells is about two fold higher than in 
surrounding somatic tissue (Figure 5.3C). To confirm our findings that Wolbachia 
accumulate in niche cells by replication as opposed to transmission from surrounding 
cells we compared Wolbachia density in different regions of the ovary. We took 
advantage of the fact that in one Drosophila mauritiana strain some niches are highly 
infected (HN, Figure 5.3E and E’) and some niches appear devoid of Wolbachia or with 
low levels of infection (LN, Figure 5.3F and F’). We hypothesized that if the source of 
high Wolbachia in the HN niches stems from transmission from surrounding cells, then 
the density of Wolbachia in the region surrounding the HN niches should be lower than 
the density of Wolbachia in cells surrounding LN niches. We measured Wolbachia 
density in both types of niches (yellow dashed lines) and in the somatic regions that 
directly surround these niches (pink dashed lines E’ and F’). First we confirmed our 
visual classification of HN and LN and found a statistically significant increase (P = 3.9 x 
10-5, Student’s t-test) of about two fold in Wolbachia density in the niche (Figure 5.3G). 
In contrast, Wolbachia density in the somatic area surrounding HN and LN niches is not 
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statistically different (P = 0.18, Student’s t-test). These data therefore strengthen model 
two where Wolbachia reach high densities via preferential replication and disfavor model 
one in which Wolbachia are transmitted from surrounding cells. 
To track populations of dividing Wolbachia we also attempted to label newly synthesized 
Wolbachia DNA via BrdU incorporation. We were unable to detect Wolbachia via BrdU 
incorporation even when amplifying the signal (Figure 5.4) 
5.4 Discontinuous infection in Drosophila simulans suggests a short 
developmental window when niche progenitor cells are infected 
Niches form from 3-5 progenitor cells that are specified in mid L2 larvae. These cells 
will then undergo several rounds of divisions and sort into polyclonal stacks (Godt and 
Laski 1995). An example of such a lineage is marked by a yellow cell in Figure 5.2A-D. In 
Drosophila mauritiana, Wolbachia accumulate in the niche in high levels and frequencies. 
Towards better understanding the dynamics of Wolbachia targeting and accumulation in 
the niche we wanted to investigate a system that is less saturated. We have previously 
found one Wolbachia strain (wRi) in Drosophila simulans that displays a discontinuous 
infection pattern in the GSCN (Toomey et al. 2013). In the adult (Figure 5.5D, inset) the 
niche consists of cells that are either fully infected (green arrowhead) or that are 
completely devoid of Wolbachia (orange arrowhead).  
Similar to Drosophila mauritiana, we investigated both the proportion and density of 
Wolbachia infection throughout development in the niche. In section 5.2 we had 
assessed these two qualities for niche cell stacks (= ”niches”). To obtain a higher 
130 
 
 
“resolution” Wolbachia infection frequencies and densities was determined for individual 
niche cells in Drosophila simulans. Expression of engrailed allowed us to identify niche 
cells (Bolívar et al. 2006; Gancz et al. 2011) even before they sort into the stacks and 
acquire the characteristic DNA morphology that we previously used. We quantified the 
proportion of infected niche cells at four different time points (representative images 
Figure 5.5A-D, green arrowhead - infected niche cell) and found that there is no 
statistically significant change in the proportion of how many cells are infected per ovary 
over time (Figure 5.5E). Interestingly, however when we measured the density of 
Wolbachia in the niche cells compared to the germline we found that Wolbachia titers in 
the niche cells increase over time (Figure 5.5F). Together, this suggests that Wolbachia 
infects niche cells early in development (< 84h) but reaches high levels only during 
differentiation of niche cells.  
It is known that during larval development there exist two waves of division in niche 
cells, one early and one late (Sahut-Barnola et al. 1996). In our data we observed the 
most dramatic increase in the total number of niche cells between 84h/96h and 108h 
which corresponds to the second wave of division (Figure 5.6). This coincided also with 
the most dramatic increase of Wolbachia growth. Actually, even at later time points 
(108h and 120h) there exists a slight positive correlation (R2 = 0.23) between the 
number of cells per ovary and the average density of Wolbachia in infected niche cells. 
This, therefore, suggests that the replication of the host and the bacteria are tightly 
coordinated. From previous studies it is known that Wolbachia can associate with the 
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aster microtubules (Callaini et al. 1994; Kose and Karr 1995). Also in the larval ovary we 
have some indication that Wolbachia associate with aster microtubules and distribute 
equally in dividing cells (Figure 5.7). In addition, Wolbachia infected cells within both the 
Drosophila mauritiana and Drosophila simulans larval ovary are usually clustered together 
and not equally distributed which favors a model that during this developmental stage 
Wolbachia gets passed on via dividing cells as opposed to crossing cell borders more 
freely.  
5.5 Peak of Wolbachia replication coincides with Wolbachia localization 
close to adherens junctions 
To further dissect the mechanism of Wolbachia replication at the developmental time 
points between 84h and 108h we performed a careful analysis of cellular changes that 
occur during that period. Characteristic niche cell stacks arise from a convergent 
intercalation of niche cells. First there is a formation of eye shaped clusters of cells 
which will eventually be separated into stacks by migrating apical cells. This sorting 
process is mediated by adherens (-like) junctions that are present on the outer tip of 
the mesenchymal niche cells [(Godt and Laski 1995) and Figure 5.8]. Interestingly we 
observed that Wolbachia preferentially localize to the poles of the cells close to enriched 
adherens junctions especially during the time points when most replication is thought to 
occur (Figure 5.9E). 
At an early time point, 84h, Wolbachia is present at very low levels in niche cell 
progenitors (Figure 5.9A and C, 5.5A). Out of the 12 ovaries analyzed, only one had 
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already started this intercalation process with increased expression of adherens 
junctions (visualized by actin, 5.9B). Within this one ovary there existed a significant 
positive correlation (P = 1.4 x 10-5, R2 = 0.55) of Wolbachia density and actin density. 
Wolbachia density in cells visually classified with elevated adherens junctions was 2 fold 
higher (N = 26 cells, Figure 5.9B and D) than Wolbachia density in other 
developmentally less mature niche cells (Figure 5.9A and C). Twelve hours later (96h), 
adherens junctions indicated by elevated actin staining can be clearly seen in 8/11 
ovaries. To determine Wolbachia distribution in niche cells across several time points we 
employed a quantitative image analysis approach schematically depicted in Figure 5.9G. 
Using a “Radon transform” algorithm we integrated the density of niche cells along their 
longest axis, thus projecting it on a single line trace. This algorithm is conceptually very 
similar to the “sliding window” approach which was utilized for the quantification of 
protein gradients in the Drosophila embryo (Houchmandzadeh et al. 2002; Gregor et al. 
2007). To make niche cells comparable across different lengths and Wolbachia densities 
we normalized both properties between different cells. When comparing the average 
trace of Wolbachia distribution at the three time points, 96h (N = 34 cells, 5 ovaries), 
108h (N = 34 cells, 5 ovaries) and 120h (N = 47 cells, 5 ovaries), the distribution of 
108h and 120h is visually very similar (R2 = 0.96). In contrast the trace of 96h differs 
significantly from those later time points in both peak height (P < 0.01) and peak 
location (P < 0.001). The average trace indicates that Wolbachia is more localized to the 
pole of the cell at 96h. To rule out that the accumulation of Wolbachia density on the 
edges of the cells is not simply a function of size exclusion by the nuclei we also used 
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digital image processing to estimate the proportion of the cytoplasm that is occupied by 
Wolbachia. On average Wolbachia occupies 25% (±20%) of the cytoplasm at 96h and 
although this proportion increases at later time points it stays well below 50%.  
To further confirm this analysis we also visually scored a greater number of niche cells 
for the two time points 96h (N = 103 cells, 5 ovaries) and 108h (N = 93 cells, 5 
ovaries). We found that in infected niche cells, 82% (± 17%) of Wolbachia particles with 
high intensity (classification see methods) localize close to a region with strong actin 
staining indicating an accumulation of adherens junctions. Twelve hours later, at 108h, 
when the bulk of the niche cell intercalation process is over and most stacks are already 
sorted, only 47% (± 8.5%) of highly concentrated Wolbachia is localized close to 
adherens junctions.  
Interestingly, from the density measurement (Figure 5.5F) we know that most of the 
increase in Wolbachia density occurs between 84h and 108h. Therefore the high 
proportion of Wolbachia localized close to adherens junctions during the period of most 
of the accumulation favors a model that links Wolbachia replication and clustering of 
adherens junction.  
Since changes of adherens junctions, especially with regards to increased expression of 
cell surface receptors like cadherins, could represent a route of transmission of 
Wolbachia into the niche cells, we carried out this analysis in Drosophila simulans where 
we can take advantage of the discontinuous niche infection pattern. We were able to 
confirm previous results (Figure 5.5F) indicating that the frequency of Wolbachia infected 
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niche cells does not change between the two time points 96h and 120h. Although highly 
dense Wolbachia particles seem to preferentially be localized to enriched adherens 
junctions, not all cells with high densities of adherens junctions are infected with 
Wolbachia (pink arrowhead Figure 5.9E-H).  
5.6 The germline is not a source of Wolbachia into the niche 
In the above developmental analysis, in both Drosophila mauritiana as well as Drosophila 
simulans, we observed high levels of Wolbachia in the germline. We therefore wondered 
if Wolbachia present in the germline is a potential source of infection in the niche. In 
Drosophila melanogaster it was shown that stem cell niches in the ovary can develop and 
function properly even in the absence of the germline (Margolis and Spradling 1995; Kai 
and Spradling 2003). Since we previously observed two different niche targeting patterns 
by Wolbachia (Toomey et al. 2013) we were wondering if Wolbachia can still target these 
two niches in the absence of a germline. For GSCN targeting we took advantage of the 
fact that occasionally in Drosophila mauritiana ovaries devoid of a germline form. Figure 
5.10A shows a representative picture of a pair of ovaries where one has a germline 
whereas the other doesn’t (absence of VASA). Although this ovary does not have any 
germline cells, Wolbachia still accumulates in the niche cells at high densities (yellow 
arrowhead, Figure 5.10B). For SSCN targeting, we genetically generated germ cell less 
flies in Drosophila melanogaster (Figure 5.10D, control 5.10C). Wolbachia still targets the 
region in the germarium that contains the somatic stem cell niche, regardless of the 
presence of a germline (Kai and Spradling 2003). As an alternative method to assess how 
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easily Wolbachia is transmitted out of germline cells we serendipitously found that 
Wolbachia density in the germline can be modified by altering environmental conditions 
during larval development of Drosophila simulans (see Methods). We were able to obtain 
a low number (2/289) of ovarioles where Wolbachia was absent from one lineage of 
stem cells (Figure 5.10E and F). This confirms results above that the germline is not a 
likely source for Wolbachia either into other germline cysts or into the niches in the 
ovary.  
5.7 Discussion 
5.7.1 Wolbachia coordinate replication with host cell differentiation 
To the best of our knowledge this is the first evidence of intracellular bacteria 
coordinating their intracellular proliferation with the differentiation of a eukaryotic cell. 
Specifically, using distinct approaches our data from two Drosophila species support a 
model in which Wolbachia is replicating in the niche as these cells are differentiating. In 
Drosophila mauritiana, we have direct evidence that the proportion of Wolbachia 
replicating in immature niche cells is higher than in the surrounding somatic tissue 
leading to a greater accumulation of Wolbachia in niche cells after they have fully 
differentiated. In addition, equal levels of Wolbachia surrounding infected and uninfected 
niches support a model that Wolbachia is not transmitted into the niche.  
In Drosophila simulans we took advantage of a discontinuous niche infection pattern to 
confirm our findings from Drosophila mauritiana. Specifically, we show that the 
proportion of infected niche cells does not change throughout differentiation but 
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Wolbachia titer within these infected cells drastically increases. We therefore disfavor a 
model of preferential transmission into niche cells during differentiation because it fails 
to explain how in Drosophila simulans there can exist certain niche cells that are highly 
infected as well as adjacent cells completely devoid of Wolbachia. The discontinuous 
niche infection pattern in Drosophila simulans likely arises from a lower proportion of 
infected niche progenitor cells than Wolbachia in Drosophila mauritiana. Since the 
Wolbachia infection pattern in Drosophila simulans mirrors lineage tracing experiments of 
niche cells (Godt and Laski 1995) we think that possibly not all lineages of niche 
progenitor cells are infected in this species. 
5.7.2 Germline stem cell infection is determined by infection of progenitors 
The results of Drosophila simulans potentially shine light on the mechanisms of differential 
niche targeting in general in the Drosophila genus. In previous work we determined that 
GSCN targeting is not present in all species. We have also shown that this tropism is 
determined by the specific Wolbachia strain and not the host species (Toomey et al. 
2013). Discontinuous infection in Drosophila simulans likely arises from a shorter 
developmental window for wRi to target niche progenitor cells. We therefore also think 
that the reason for the absence of Wolbachia in the GSCN in some species is that they 
fail to target the GSCN progenitors and are thus not able to take advantage of the 
favorable replication environment during differentiation. To confirm this we analyzed 
larval ovaries of Drosophila melanogaster representative for all species which do not 
display targeting for the GSCN in the adult. Indeed throughout niche differentiation, 
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Wolbachia levels in the niche of Drosophila melanogaster are practically absent (N = 8 
ovaries, data not shown). An alternative explanation for this result would be that only 
some Wolbachia strains can utilize the favorable environment for replication in the niche 
cells. Because the replication machinery is typically well conserved even between 
bacterial clades we disfavor this possibility.  
The model in Figure 5.8 summarizes and illustrates how Wolbachia accumulate in the 
niche cells. At this point the original infection event of the niche cells precedes a point 
where we can unequivocally distinguish niche cells (Figure 5.8, Step 1). When we first 
detect Engrailed as a marker for niche cells they are already infected in the same 
proportion as fully differentiated cells, indicating that Wolbachia targeting happens at an 
earlier time point (Figure 5.8, Step 2). Further studies will show if it is really a specific 
infection event or if Wolbachia is present in all cells originally and potentially lost in some 
during host cell divisions. 
5.7.3 Replicating Wolbachia are localized close to adherens junctions 
In our detailed time course experiment we also determined the specific developmental 
stage of niche differentiation in which most of the Wolbachia replication occurs. 
Interestingly, at the same time we also observed that at this stage Wolbachia is localized 
close to the poles of the cells, spreading out and filling the cytoplasm from those sites. 
Previous work has shown that Wolbachia is enclosed by several bacterial and host 
derived membranes (Louis and Nigro 1989; Callaini et al. 1994; Kose and Karr 1995; 
Cho et al. 2011) and cannot “freely” circulate in the cytoplasm. It is therefore not 
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surprising that we detect Wolbachia mostly as clumps and not as individual bacteria and 
that these clumps increase in size and intensity over time. However initially, Wolbachia 
clumps are always preferentially localized to the periphery of developing niche cells 
close to a region that is enriched in adherens junctions (in blue Figure 5.8, step 3). 
These adherens junctions play an important role in the initial sorting and later stack 
formation of niche cells. In our studies, we could confirm previous findings (Landmann et 
al. 2012) that Wolbachia colocalizes with cortical actin. The former work also proposed 
that actin was a potential entry mechanism for Wolbachia. This is in accordance with 
other reports that actin linked adherens junctions are used as a possible mode of entry 
into cells by microorganisms (Nikitas and Cossart 2012). Although we cannot fully rule 
out some Wolbachia entry at this point several lines of evidence favor a model in which 
Wolbachia infection of these cells occurs earlier. Adherens junctions not only organize 
the actin network but also microtubules (Harris and Tepass 2010). In the adult ovary 
Wolbachia can utilize both dynein or kinesin mediated transport, depending on the 
developmental stage, on microtubules to localize to the oocyte (Ferree et al. 2005; 
Serbus and Sullivan 2007). Both of these transporters have been implicated to link the 
microtubule network to adherens junctions and it is possible that Wolbachia containing 
vesicles are localized to adherens junctions via these transporters. Interestingly, in the 
Drosophila embryo dynein plays an important role in the growing membrane during 
cellularization (Harris and Peifer 2005). Recently, there has been a report of Wolbachia 
preferentially localizing to these sites in the embryo even though dynein dependence 
was not directly assessed (Cho et al. 2011). In addition, the epithelial polarity regulator 
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Bazooka which is also important during cellularization in the embryo (Muller and 
Wieschaus 1996) has been shown to colocalize with Wolbachia in neuroblasts 
(Albertson et al. 2009). It is therefore plausible that microtubule based transport 
towards adherens junctions could play a role in Wolbachia localization in the larval 
ovary. In terms of molecular players in the adult ovary, gurken, an EGF like ligand, has 
been linked to Wolbachia replication (Serbus et al. 2011). Although gurken has not been 
described to be expressed in the larval gonads, other components of the EGF signaling 
pathway have been shown to be expressed in somatic cells to control germline numbers 
(Gilboa and Lehmann 2006). It remains to be determined if any of these components 
play a role for increased Wolbachia replication. It is also possible that by positioning 
themselves at a region of cellular remodeling close to adherens junctions, Wolbachia 
become exposed to an increased trafficking of metabolites and membrane precursors 
that could act in favor of bacterial growth. Innumerous genetic tools available in the 
model organism Drosophila melanogaster will lend itself well in the future to provide a 
more detailed analysis of host factors involved in this process. 
5.7.4 Stem cell niche tropism provides insights into bacteriocyte evolution 
Here we show how facultative bacteria can tightly coordinate their behavior with host 
development, something that has previously been shown only for bacteriocytes. 
Interestingly, it has been shown that Wolbachia can target the region presumed to be the 
SSCN in bed bugs as well as the bacteriocyte, however it utilizes the tropism of the 
SSCN to favor vertical transmission, rather than the bacteriocyte (Hosokawa et al. 
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2010). A few molecular markers have been reported for bacteriocytes in aphids which 
have a specific temporal expression pattern, including Distal-less, Ultrabithorax or 
Abdominal A, and Engrailed (Braendle et al. 2003). Two of these markers, Engrailed and 
Abdominal A are also implicated in stem cell niche biology in the insect gonads. 
Engrailed, which was also used in this study, is a marker for developing niche cells in the 
female Drosophila ovary (Bolívar et al. 2006; Gancz et al. 2011). Abdominal A is 
specifically expressed in the stem cell niche in the developing Drosophila testes, called 
the hub (Le Bras and Van Doren 2006). It is therefore possible that the niche represents 
an evolutionary stage prior to evolving into a bacteriocyte-like structure. 
5.8 Appendix 
5.8.1 Wolbachia niche infection dynamics during adulthood 
In the previous part of chapter 5, I described how the germline stem cell niche 
comprised of terminal filament and cap cells are targeted by Wolbachia during 
differentiation in larval development. We have also investigated how niche infection 
changes during adulthood. For that purpose both newly eclosed Drosophila mauritiana 
flies (0 days old) and sibling flies that were aged for three weeks were analyzed. Table 
5.1 gives a summary of the change in infection of the terminal filament (composed of 6-8 
terminal filament cells) over time. Cap cell infection was also assessed but this is not 
listed in Table 5.1 since 100% of cap cells were infected at both time points. Overall the 
frequency of niche infection differs significantly between both time points (chi-square, 
P < 0.01). Specifically the proportion of terminal filaments that are partially infected 
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increases at the expense of fully infected terminal filaments. This suggests that Wolbachia 
infection is lost from terminal filament cells over time. This model is also supported by 
the fact that the proportion of terminal filaments that are completely devoid of 
Wolbachia almost triples over the span of three weeks.  
In previous sections (5.2-5.7), we focused exclusively on Wolbachia targeting of the germ 
line stem cell niche. The rationale was that the germline stem cell niche is a cellular 
niche and its development is more defined. Indeed when assessing Drosophila 
melanogaster during larval development there is no clear region of Wolbachia localization. 
To determine when the somatic stem cell niche is targeted at high levels, we therefore 
analyzed newly eclosed Drosophila melanogaster flies similar to what we had done above 
in Drosophila mauritiana for GSCN tropism. We have previously found that in Drosophila 
melanogaster, Wolbachia targets the somatic stem cell niche in seven day old germaria at 
a rate of over 90% (Toomey et al. 2013). To uncover a more detailed dynamic we 
analyzed Wolbachia infection in the somatic stem cell niche of newly eclosed flies and 
aged flies (3 weeks) with rather stringent criteria quantifying the presence of Wolbachia 
accumulating in clumps that were bigger than 2um in diameter in the SSCN. By these 
measures we found that in newly eclosed flies (N = 63 germaria, 5 flies, Figure 5.11A), 
Wolbachia is fairly equally distributed with only 25% of germaria having this distinct 
accumulation (clumps > 2um) in the border region. Interestingly in the three week old 
flies (N = 61 germaria, 5 flies, Figure 5.11B), this proportion increased to 80% which 
implies that Wolbachia concentration in the niche increases over time.   
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5.8.2 Correlation of Wolbachia levels in the GSCN and GSC 
In section 3.6.4 and 4.5.2 we show a potential role of Wolbachia infection in the niche in 
regulating GSC division. In addition, previous work suggests that the SSCN plays a role 
in vertical and horizontal transmission of Wolbachia (Frydman et al. 2006; Toomey et al. 
2013). To investigate if the germline stem cell niche can contribute Wolbachia to the 
germline, we measured if Wolbachia levels in the GSC correlate with Wolbachia levels in 
the GSCN. Indeed we found a slightly positive but significant correlation (Figure 5.12, 
R2 = 0.41, Pslope = 8.3 x 10
-13) potentially suggesting transmission from the GSCN into the 
GSC. 
5.8.3 Wolbachia infects the escort cells in Drosophila mauritiana 
When analyzing the adult germaria we also noticed that Wolbachia targets another 
somatic cell type in the germarium in high levels, the escort cells. The escort cells are a 
stable, non-dividing, stromal population of cells that are attached to the basement 
membrane of the germarium and support the progression of early germline cysts in the 
germarium before they get enveloped by follicle cells (Morris and Spradling 2011). Since 
we did not have a specific marker for the escort cells in Drosophila mauritiana we used 
VASA to identify the germline and determined that all cells that are not VASA positive 
anterior of the border region (excluding the GSCN) should be escort cells. (Figure 5.13, 
blue arrow). We found that both in newly eclosed and 6 day old germaria (N0d = 25 
escort cells, N6d = 22 escort cells), approximately half of the escort cells of Drosophila 
mauritiana were highly infected with Wolbachia relative to the surrounding germline. This 
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indicates that there may be an additional tropism to the escort cell population 
promoting somatic routes for germline infection. 
5.8.4 Appendix Discussion 
In the first part of chapter 5, I show how Wolbachia coordinates its original accumulation 
in the germline stem cell niche with the differentiation of these cells. Since the SSCN is 
poorly defined at this point, it is not feasible to assess targeting of this niche during 
female development. Therefore, I have investigated niche infection dynamics for the 
SSCN during aging and have compared that to niche infection dynamics in the germline 
stem cell niche. Interestingly, infection of the germline stem cell niche seems to decrease 
over time whereas accumulation (by criteria discussed above) in the somatic stem cell 
niche increases over time. This not only reinforces that the makeup of these niches are 
fundamentally different but also that the mechanisms of how Wolbachia target these 
niches is different. Since somatic stem cell niche tropism of Wolbachia increases over 
time, this implies that the mechanisms of accumulation require an actively functioning 
germaria, meaning passage of germline cysts. It is interesting that the border region in 
the germarium is also the region where most of germline cyst cell death occurs in the 
germarium (Drummond-Barbosa and Spradling 2001). During our studies investigating 
Wolbachia’s interaction with programmed cell death we observed that Wolbachia density 
actually increases in dying cells (data not shown). I would therefore like to propose a 
model where Wolbachia accumulates in the border region via dying germline cyst cells. 
This might not be the only mechanism of accumulation, however. Data presented here 
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indicate that Wolbachia also accumulate in the escort cells (Figure 5.13). Escort cells 
have been implied to play a role in the formation of the somatic stem cell niche (Song 
and Xie 2002; Morris and Spradling 2011) and could therefore also be a source of 
Wolbachia transport into this region as well as the germline. A third possibility is that the 
somatic stem cell niche could be infected by Wolbachia from the hemolymph. Previously 
our lab has shown that the somatic stem cell niche represents an important route into 
the germline during horizontal transmission of Wolbachia (Frydman et al. 2006). It is 
therefore also possible that in maternally infected flies there is continuous passage of 
Wolbachia to the somatic stem cell niche from the hemolymph. Although the exact 
nature of the somatic stem cell niche remains elusive, there have been reports 
suggesting that the extracellular matrix (ECM) mediated via integrins plays a role 
(O'Reilly et al. 2008). It is possible that the ECM near somatic stem cell niche is made up 
in a specific way that permits preferential Wolbachia entry. In addition this environment 
could also provide favorable conditions for Wolbachia replication.  
The different dynamics of niche accumulation in the SSCN and GSCN during adulthood 
allude to potentially different roles of niches in Wolbachia transmission. Although GSCN 
tropism is the more ancient evolutionary feature, it has been lost from several species 
(Frydman lab, unpublished). The positive correlation between levels of Wolbachia in the 
GSCN and adjacent GSCs does suggest transmission but this still awaits functional 
testing. A potential experiment to address transmission from the GSCN into the GSC 
would be to generate a germline that is completely devoid of Wolbachia and test if 
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Wolbachia present in the niche can infect it. Potential approaches would be to perform 
pole cell transplantation of an uninfected fly into an infected one. Alternatively, 
generating a transgenic fly that expresses an antibiotic resistance in a cell specific 
manner might also address this possibility. For the SSCN a comparable experiment has 
already been successfully performed (Frydman et al. 2006) and additional evolutionary 
data make a stronger case for the SSCN playing a bigger role for Wolbachia vertical 
transmission (Toomey et al. 2013). Data presented here that show that this niche 
tropism increases during adulthood when vertical transmission takes place are 
concordant with this model.    
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Figure 5.1: Wolbachia is highly concentrated in the niche in pupal stages 
A: Schematic of Drosophila development. Niche cells differentiate during third larval 
instar (L3, surrounded by red box). Developing gonads are indicated in blue. 
Development proceeds clockwise and arrows (green – this Figure, red – Figure 5.2) 
indicate points of sample collection. Approximate time at which each developmental 
stage is completed is indicated next to the green arrows. Timing is for Drosophila 
melanogaster and figure is adapted from Ashburner et al. (2005) and Rubin (1988) 
B: Schematic of adult germarium that contains the stem cells (dark blue arrowhead) and 
stem cell niches (orange arrowhead/bracket) necessary to make a functional egg. The 
germline stem cell niche (GSCN) includes the TF composed of 6-8 disk like cells (red) 
and smaller cap cells (dark red) that are adjacent to the germline stem cells (GSC) C-D: 
During early (C) and late (D) pupal development Wolbachia is already highly 
concentrated in the niche cells (orange bracket). Scale bar = 10 µm 
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Figure 5.1: Wolbachia is highly concentrated in the niche in pupal stages 
 
 
  
148 
 
 
Figure 5.2: Wolbachia accumulates in the niche while it forms during third 
instar larval (L3) development 
A-D: Schematic of niche formation with corresponding representative microscopy 
images (A’-D’) shown below. Approximate time after egg laying is indicated in the lower 
right corner for preadult stages. Niche progenitors (example for one lineage indicated 
by yellow cell) are specified in late L2 larval development and will divide and sort into 
characteristic stacks of polyclonal origin. Once niche cells start sorting into stacks they 
can easily be identified via flattened DNA morphology (orange arrow 1B and B”-D”). 
While being evenly distributed amongst somatic cells before niche formation (A’) 
Wolbachia preferentially localizes to niches as soon as they start differentiating (B’-D’, 
magnified insets B’”-D”’). Scale bar = 5 µm. 
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Figure 5.3: Wolbachia preferentially replicate in the niche and no evidence for 
transmission from outside cells 
A: Schematic of dividing Wolbachia versus non-dividing Wolbachia morphology. “High 
magnification” illustrates how FtsZ protein is distributed in dividing and non-dividing 
cells and “actual magnification” shows examples for dividing and non-dividing Wolbachia 
how they would appear in the microscope. Actual microscopy images are shown below 
for non-dividing (A’) and dividing Wolbachia (A”). Diagram is adapted from (Margolin 
2005). B: Different regions in the ovary can be determined via germline staining (VASA, 
blue) and DNA morphology (B’ in white, inset). Flattened DNA morphology identifies 
niche cells (yellow dotted line) and all other somatic cells are defined by being neither 
part of the niche nor the germline (“surrounding soma”, pink dotted line). C: Proportion 
of dividing Wolbachia was identified and quantified for both areas (N = 10 ovaries, 950 
Wolbachia particles, P < 0.01, Student’s t-test). D: Representative image of an L3 ovary 
that was used for quantitative image analysis with yellow insets (E – HN, F – LN) 
outlining the two types of niches analyzed and shown in adjacent panels in higher 
magnification. Both niches were identified by DNA morphology (E and F) and HN of LN 
identity was determined by Wolbachia concentration (E’ and F’). Average Wolbachia pixel 
density was measured inside the niches (yellow dotted lines) and in the somatic area 
directly around it (pink dotted line). Average fold change in Wolbachia density between 
HN and LN in niches and somatic area around niches regions per ovary. N(HN) = 25 TFs, 
N(LN) = 10 TFs, 8 ovaries. All scale bars = 5 µm except A’ and A” = 1 µm.  
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Figure 5.3: Wolbachia preferentially replicate in the niche and no evidence for 
transmission from outside cells 
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Figure 5.4: Wolbachia DNA synthesis is not detectable via BrdU 
incorporation 
A and B: BrdU labeling in a germarium and early egg chambers of a non-infected fly 
(W-). BrdU signal was amplified using the Tyramide signal amplification kit (see 
Methods) to visualize dividing fly cells. C and D: BrdU labeling in a Wolbachia infected 
ovary (W+, green), does also only visualize replicating host cells. 
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Figure 5.5: The proportion of Wolbachia infected niche cells is constant while 
Wolbachia density increases over time 
A-D: Wolbachia (green) infection in ovaries at various developmental time points, with 
parts of the niches magnified in the inset in the upper right corner. Engrailed (red) 
allows the identification of niche cells before they have formed characteristic stack 
morphology (A). During the developmental time points, the ratio of Wolbachia infected 
niche cells (green arrow head in A’-D’) to uninfected niche cells (orange arrowhead in 
A’-D’) does not change significantly (E), but the density of Wolbachia increases relative 
to the germline (outlined in A-E in blue dots, F). Scale bar = 10 µm. Ns for Figure E: 84h 
= 499 niche cells (13 ovaries), 108h = 1320 niche cells (10 ovaries), 120h = 1627 niche 
cells (11 ovaries), adult = 1002 terminal filament cells (10 ovaries). Ns for Figure F: 84h 
= 86 infected cells (11 ovaries), 108h = 97 infected cells (9 ovaries), 120h = 98 infected 
cells (11 ovaries), adult = 85 infected cells (10 ovaries). 
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Figure 5.5: The proportion of Wolbachia infected niche cells is constant while 
Wolbachia density increases over time 
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Figure 5.6: Niche cells in Drosophila simulans predominantly divide between 
96h and 108h 
Niche/TF cells were identified by engrailed (larvae) or by DNA staining (adult). Ns are 
the same as in Figure 5.5. For the adult time point cap cells, which differentiate after 
120h, are included. 
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Figure 5.7: Wolbachia separates equally among dividing cells 
A and A’: Wolbachia is equally present in both daughters cells of a cell division. Nuclei 
(white) are separated but cell membrane is not separated (continuous actin) and 
Wolbachia is already present on opposite poles. B and C: High magnification picture of a 
dividing cell (membrane outlined in blue using DIC) illustrates that dividing Wolbachia 
are present both at the astermicrotubules (yellow arrowhead) as well as on the 
metaphase plane (yellow arrow). Scale bar = 2 µm.  
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Figure 5.8: Model of Wolbachia accumulation in the niche cells 
Table with 4 steps corresponding to successive developmental time points. Events 
occurring concurrently for either Wolbachia or niche cells are listed in adjacent columns. 
Schematic provides visual account of how Wolbachia accumulates in the niche cells. 
Nuclei are colored red, expressing niche marker Engrailed (e) from step 2 onwards, 
Wolbachia is depicted in green and increased accumulation of adherens junctions at 
poles which coincides with Wolbachia replication (step 3) is shown in light blue [adapted 
from Godt and Laski (1995)]. 
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Figure 5.9: Wolbachia localizes to poles of cells at 96h 
A-D: A single ovary with a slice depicting a developmentally immature niche cell 
(identified via Engrailed, outlined by yellow dotted line in A and high mag in C). In the 
same ovary in a different slice there are developmentally more mature niche cells (B and 
high mag in C, also outlined with yellow dotted line). These cells are starting to contain 
increased adherens junctions (white, actin staining B). Germline identified by Fusome 
morphology, outline in blue. Representative images at 96h and 120h, two timepoints 
used for analysis of Wolbachia distribution in niche cells. Niche cells with high adherens 
junctions and Wolbachia infection are outlined in yellow, adjacent non infected niche 
cells are indicated with a magenta arrowhead (E-H). G: Schematic of density profile 
analysis. Ellipsoids represent niche cells containing different Wolbachia distributions 
visualized by green shading. The sum of this Wolbachia density is calculated along the 
longest axis of the cell and divided by thickness of the cell (= average density along 
length). Furthermore length and total density are normalized to 100 and 1 respectively. 
Representative results of trace for Wolbachia localization close to left pole of cell (left) 
and a more spread out Wolbachia distribution (right). H: Average density distribution of 
Wolbachia in niche cells at 96h (red, N = 34 cells, 5 ovaries), 108h (green, N = 34 cells, 
5 ovaries) and 120h (blue, N = 47 cells, 5 ovaries). Scale bar (A, B) = 5 µm, C-D = 2 µm, 
E-G = 5 µm.  
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Figure 5.9: Wolbachia localizes to poles of cells at 96h 
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Figure 5.10: The role of the germline for Wolbachia niche infection 
To test if Wolbachia present in the germline are the source of bacteria into the niche, 
germ-cell-less germaria were analyzed. A newly eclosed pair of ovaries from Drosophila 
mauritiana where one of the ovaries contains no germline (A). Higher magnification of 
the germ-cell-less ovary shows that Wolbachia (green) is still present in the GSCN 
(yellow arrowhead, B). In Drosophila melanogaster, germ-cell-less germaria were 
generated by overexpressing the effector caspase Dcp1 in the germline 
(nos/nanos-Gal4). Wolbachia is still present in germcell-less-germaria (D) in the region 
that is thought to be the SSCN (yellow arrowhead). Since the phenotype was not fully 
penetrant control germarium with intact germline from the same fly is shown in C. 
Germarium from Drosophila simulans with only one lineage of GSC infected. Increased 
adherens junction identifies (DEcadh, red) the border between infected cap cell (arrow) 
and infected GSC (arrowhead) which likely gave rise to infected cyst (blue dotted line). 
Note that Wolbachia is absent from another germline lineage (orange dotted line).  
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Figure 5.10: The role of the germline for Wolbachia niche infection 
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Figure 5.11: The frequency of germaria with Wolbachia clumps (size > 2 µm) 
in the border region increases during adult aging 
Representative images of a germarium from a newly eclosed fly (A) with Wolbachia being 
fairly uniformly distributed in the germarium and a three week old germarium (B) where 
Wolbachia is present in clumps (white arrows) in the border region. Scale bar = 5 µm.  
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Figure 5.12: Positive correlation of Wolbachia density in GSCN and adjacent 
GSCs 
Three dimensional confocal image stacks were acquired from 98 germaria (5 flies) 
labelled fluorescently for Wolbachia and markers identifying the GSCN and GSCs. Using 
a custom MATLAB script Wolbachia density (arbitrary units) was measured in both the 
GSCN and adjacent GSCs. Scatter plot of Wolbachia density in GSCs versus Wolbachia 
density in the cap cells was fitted with a regression line to illustrate a slight  but 
statistically significant positive correlation (R2 = 0.41, slope = 0.17, Pslope < 0.05).  
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Figure 5.13: Wolbachia infects the escort cells in Drosophila mauritiana 
By visual examination of three dimensional confocal stacks escort cells were identified 
by the absence of VASA staining (blue arrow in B) and presence anterior of the somatic 
stem cell niche in the germarium. We found that about 52% (± 34%) of escort cells are 
highly infected with Wolbachia at 0 d (N = 25 escort cells) and 48% (± 40%) are highly 
infected at 6 days (N = 22 escort cells). This Figure is also published in (Toomey et al. 
2013). 
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Table 5.1: Infection of the niche (TF) over time 
The proportion of TF that are either “fully infected”, “partially infected” (some cells 
infected) or “TF not infected” are listed below in the Drosophila mauritiana stock #188. 
The classification of the categories matches Figure 4.4. For both time points 100% of the 
cap cells were infected.  
 # germaria TF fully 
infected 
TF partially 
infected 
TF not infected or 
only cap infected 
D. mau 0d 79 (5 flies) 75% 20% 5% 
D. mau 3weeks 46 (5 flies) 46% 41% 13% 
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Chapter 6 
 Establishing a stable infection of wMau in Drosophila melanogaster 
 
6.1 Introduction 
Wolbachia has been reported to inflict a number of reproductive alterations in their 
invertebrate host but the specific molecular mechanisms remain poorly understood. 
This may be caused by a lack of molecular tools in the non-model insect species 
previously under investigation as well as the absence of genetic transformation 
techniques for Wolbachia. Interestingly, the model organism Drosophila melanogaster and 
related Drosophila species are infected with Wolbachia providing an excellent system for 
investigating molecular mechanisms of Wolbachia-host interactions. Previous chapters (3 
and 4) discuss evidence how Wolbachia inherent to Drosophila mauritiana can increase 
mitosis of germline stem cells (the progenitors of all eggs) and alter programmed cell 
death pathways during oogenesis. In addition in chapter 5, I present data indicating that 
Wolbachia coordinate their accumulation in the niche with niche cell differentiation. To 
address which host pathways are necessary for these Wolbachia dependent alterations, it 
is advantageous to work with an organism with a rich repertoire of genetic and 
molecular tools like Drosophila melanogaster. Therefore the goal of experiments 
performed in this chapter was to establish a stable infection of Wolbachia purified from 
Drosophila mauritiana (wMau) in Drosophila melanogaster.  Previously labs have successfully 
performed such an artificial transfer even between very distantly related species and 
166 
 
 
phenotypes of the original host are often recreated in the novel one (Giordano et al. 
1995; Poinsot et al. 1998; Veneti et al. 2004; Xi et al. 2005; Zabalou et al. 2008; 
McMeniman et al. 2009).  
6.2 Viable Wolbachia wMau can be purified from embryos 
Several protocols were tested and adapted from previous work (see methods). In two 
independent injection experiments we were able to detect Wolbachia in injected flies 
right after injection and one day post injection but were unable to detect it afterwards. 
It is possible that the immune system of Drosophila melanogaster is eliminating newly 
injected Wolbachia. To potentially address this pitfall we applied two approaches.  
6.2.1 Pretreatment with antibotics 
In Anopheles gambie It has been reported previously that to establish a stable infection 
pretreatment with antibiotics can be beneficial (Horacio Frydman, personal 
communication). In addition in previous successful injection experiments in our lab, also 
Drosophila melanogaster hosts were used that had been antibiotically treated a few 
generations before injection (H. Frydman, personal communication). We therefore 
treated Drosophila melanogaster stocks (infected stock 73# and uninfected 104#) and 
injected isolated Wolbachia as previously described. Unfortunately after three weeks we 
failed to detect any Wolbachia in the germline.  
6.2.2 Injection with beads 
The fly immune system consists of both secreted antimicrobial peptides attacking 
invading pathogens as well as macrophage like hemocytes that engulf foreign bodies 
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(Welchman et al. 2009). Since we were injecting large quantities of foreign material into 
the flies it is possible that hemocytes became activated and engulfed injected Wolbachia. 
Interestingly this hemocyte response can be circumvented by preinjecting (fluorescent) 
beads that would saturate the hemocyte body (Elrod-Erickson et al. 2000). We 
therefore adapted this protocol and also injected beads followed by purified Wolbachia. 
We choose a Drosophila stock that expresses GFP in the hemocytes (hml-GFP) as the 
host. Unfortunately we neither observed an activation of hemocytes by increased GFP 
expression after injection nor were we able to detect GFP expressing cells filled with 
beads after microdissection of injected flies. Table 6.1 provides a summary of our 
Wolbachia screening efforts for one of the three biological replicates. By this method we 
did presumably detect a longer persistence of Wolbachia in the flies via PCR. In 4/7 
samples collected at least seven days after injection we did detect a positive PCR band 
and in 3/7 cases this band could be detected without the nested PCR reaction 
(Methods). Unfortunately we failed to detect Wolbachia in the germline of 3 week old 
injected females. Interestingly in one experiment however we did detect high levels of 
fluorescent beads in the germline (Figure 6.1). In addition bead localization partially 
resembles Wolbachia localization that was previously described (Ferree et al. 2005). Up 
until stage 7 of oogenesis both beads and Wolbachia are localized to the anterior part of 
the oocyte whereas at later developmental stages they are more spread out around the 
oocyte (Figure 6.1C). Also occasional localization to follicle cells, that are present in the 
region where the polar cells are located, can be detected. There was no difference in 
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bead density and distribution between control (beads injected only) or samples where 
Wolbachia was either coinjected with beads or sequentially injected.   
6.3 Discussion 
Establishing a stable infection of different Wolbachia strains in Drosophila melanogaster 
should open up the possibility to investigate this host microbe interaction on a genetic 
and molecular level. From our results it is likely that Wolbachia was able to survive for a 
number of days in the new host fly but was unable to be established in the germline. 
Since also the control injection of Wolbachia from Drosophila melanogaster into Drosophila 
melanogaster failed, future work will need to first focus on the procedure of purifying 
viable Wolbachia. Only after successful completion of this control experiment further 
steps can be taken to inject Wolbachia isolated from other Drosophila species. We did 
try to asess bacterial viability using the LIVE/DEAD® BacLight. Bacterial Viability Kit 
(Life Technologies), but results were difficult to interpret since this kit is not optimized 
for the purification of bacteria from eukaryotic cells 
Interestingly the injection of the fluorescent beads yielded an unexpected result. Over 
the course of several weeks these beads can be detected in the germline. In addition, 
although this will need to be confirmed with higher numbers, the distribution of the 
beads in the ovary partially resembles Wolbachia distribution that was described before 
(Ferree et al. 2005). 
Utilizing fluorescent bead injection together with analysis of Wolbachia distribution could 
become useful for the investigation of several questions concerning Wolbachia tropism. 
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1) Which part of Wolbachia localization is active/passive? 
Wherever Wolbachia and beads colocalize to similar positions (e.g. in the oocyte, polar 
cells) it can be assumed that the mechanism is mostly a passive, unspecific transport and 
is likely not mediated by specific Wolbachia surface proteins.  
2) Where do Wolbachia replicate? 
Specific locations where Wolbachia is highly concentrated (somatic stem cell niche) but 
beads are not, could be another indication that this is a favorable environment for 
Wolbachia replication.  
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Figure 6.1: Targeting of the germline by beads three weeks after injection 
Distribution of beads in control ovary (A) and ovary that was injected with Wolbachia 
and beads (B) is comparable. No Wolbachia can be detected in the ovary that was 
injected with the bacteria (labeled in white). High magnification of a stage 8 egg chamber 
illustrates distribution of beads that resemble Wolbachia and are even present in 
presumptive polar cells (arrowhead). Wolbachia is labeled by in situ hybridization 
(white). Scale bar = 5 µm. 
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Table 6.1: Summary of bead injection experiment 
Results of Wolbachia screening after injection experiment by PCR and in situ 
hybridization. Donor stocks and Wolbachia strains are indicated. The in situ hybridization 
was performed approximately after 3-4 weeks. DNA of a single female was extracted 
using the DNAeasy kit (Quiagen) and DNA was used as a template for PCR with 
Wolbachia specific primers (see Methods). 
 
PCR  
1 day after 
injection 
PCR  
1 week after 
injection 
PCR  
3 weeks after 
injection 
Beads in 
germline 
Wolbachia 
staining 
Beads only No band No band No band yes no 
wMau (#110)  
+ beads 
No band No band Positive band 0/5 0/5 
wMel (#73)  
+ beads 
No band No band No band 3/6 0/6 
Beads  
+ 1 day later 
wMel (#73) 
n/a 
Positive band 
(nested PCR) 
Positive band 5/5 0/5 
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Chapter 7 
General discussion and future perspectives 
 
Dimidium facti, qui coepit, habet: sapere aude, incipe. 
"He who has begun is half done: dare to know!" 
Quintus Horatius Flaccus, Epistles 1 (21 BC) 
 
Wolbachia are widespread intracellular bacteria with an emerging relevance for public 
health. The cellular and molecular mechanisms of Wolbachia host interaction currently 
only poorly understood. In our lab we have previously identified the somatic stem cell 
niche as playing an important role in Wolbachia transmission (Frydman et al. 2006).  
This thesis elucidates the interplay of Wolbachia with the GSCN in female Drosophila. A 
detailed analysis sheds light on how these cells are targeted during development 
(Chapter 5). Our data suggest that preferential replication in the niche cells gives rise to 
the high levels of Wolbachia load we observe in the adult. However Wolbachia 
transmission and replication dynamics are just beginning to be understood. Potentially 
the serendipitous results from the bead injections could be beneficial to study Wolbachia 
tropism for specific cells (Chapter 6). Alternatively more technically challenging 
experiments of producing cell types without Wolbachia could reveal further insight into 
transmission dynamics.  
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Because of the developmental coordination, the consistency of infection and the high 
load of Wolbachia in the GSCN, the question arose which function Wolbachia’s infection 
of these cells has for the biology of these bacteria. We have previously shown that the 
SSCN plays a role in both horizontal and vertical Wolbachia transmission (Frydman et al. 
2006; Toomey et al. 2013). Here we present data suggesting that the GSCN could also 
be a source of Wolbachia transmission into the germline. Other results suggest that high 
levels of Wolbachia in the GSCN can regulate GSC division. During the same studies 
Wolbachia infection also lowered PCD in the germarium and increased GSC division 
compared to uninfected flies. This resulted in a fourfold increase in egg production in 
favor of the W+ flies (Chapter 3). Subsequent studies determined that fecundity is highly 
variable on a temporal level and between different Drosophila mauritiana strains. Similarly 
we also determined that high levels of Wolbachia in the GSCN do not always correlate 
with GSC mitosis in all Drosophila mauritiana strains. In further studies we started to 
investigate non-genetic factors associated with Wolbachia dependent changes in 
fecundity. We have preliminary evidence that egg production can be mediated by a 
microbiota that is different between W+ and W- flies (Chapter 4). This is concordant 
with previous reports showing that the microbiota can alter Drosophila fitness (Brummel 
et al. 2004; Ren et al. 2007) and also be a mechanism of rapid change (Zilber-Rosenberg 
and Rosenberg 2008). Furthermore a potential link between Wolbachia and the 
microbiota could be relevant for infectious disease vector control. A crucial step in the 
life cycle of the blood borne pathogens is crossing the gut where most of symbiotic 
microorganisms are located (Cirimotich et al. 2011; Ricci et al. 2012). Potentially a 
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different microbial composition in the gut mediated by Wolbachia infection is more or 
less permissible for pathogen passage and this could be the mechanism for lower 
pathogen titers in Wolbachia infected insects. 
Although Wolbachia-induced changes in egg production are variable, the number of eggs 
produced always correlated with PCD in the germarium and GSC division. Wolbachia 
has been shown to be able to alter both, and remarkably, Wolbachia might be regulating 
these two through two independent mechanisms. Interestingly both PCD as well as 
Drosophila stem cells have been shown to be linked to ROS dynamics (Morey et al. 2003; 
Owusu-Ansah and Banerjee 2009; Wang et al. 2012). Wolbachia has been also implicated 
in manipulating ROS levels and this could a common process both affecting PCD and 
GSC niche dynamics.  
A host protein that directly interacts with Wolbachia has yet to be discovered. One 
approach is to look in a top down fashion at the changes in transcriptome in Wolbachia 
infected organisms. However previous studies imply (Sun and Cline 2009) that it might 
be necessary to purify certain cell types to detect differences between W- and W+ 
which can be technically challenging. Alternatively this thesis might have generated some 
specific hypotheses (autophagy, adherens junctions, Acetobacter) that could be tested in 
future studies using the excellent genetic repertoire of Drosophila melanogaster.  
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